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1. INTRODUCTION

This report covers work which has been accomplished during the first year

of a new ON! Contract No. N00014-82-K-0339 for the study of 'Piezoelectric and

Electrostrictive Materials for Transducer Applications'. A number of the

topics covered represent development and extension of studies accomplished on

our earlier contract 'Targeted Basic Studies of Piezoelectric and

Electrostrictive Materials for Transducer Applications' and have capitalized

on the momentum generated in the earlier studies. A number, however, are also

completely new topics.

Since the work to be reported covers a rather wide range of materials and

device applications, it has been divided for convenience into four major

sections.

(1) COMPOSITE MATERIALS FOR TRANSDUCER APPLICATION

(2) ELECTROSTRICTION

(3) CONVENTIONAL PIEOELECTRICS

(4) PREPARATIVE STUDIES

Following previous practice in earlier piezoelectric report, a brief

narative description is given of current on going work. Completed topics are

included as preprints or reprints of published papers.

2. StUAR OF ACCOMPLISHMENTS

2.1 In the piezoelectric composites, important progress has been made in:

(a) 3:1 and 3:2 Perforated PZT:Polymer Composites.

These materials exhibit very high sensitivity with dhgh products of up to

40,000 x 10- 1 m2/V and very little change of sensitivity under hydrostatic

pressure. This work has now been largely completed and is discussed in detail

in the Ph.D thesis of Dr. A. Safari (1 ).
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(b) 1:1:1:3 Transverse Reinforced Composites.

The highest sensitivities to date, with dhsh products up to 150,000 x

10- 1 5 22 /V have been achieved in the foamed transversely reinforced 1:3

composites. Mr. M. Bann completed this study for his M.S. thesis in Solid

State Science (2) H is results have recently been confirmed by similar studies

at Plessey Company in the United Kingdom and published in a recent paper by

Shorrocks, Brown, Uhatmore and Ainger ( 3 )

(c) The first finite element calculations of the stress distribution in

1:3 PzT polymer composites have been carried out. The predicted stress

distributions appear reasonable and the calculated sensitivities are in good

agreement with A. Safari's measured values.

(d) The fresnoite glass ceramics which were being developed as polar

composites for pyroelectric application have been shown to exhibit both high

sensitivity (dhzh - 1,000 x 10 - 1 5 m2/V) and extreme stability in measuremen.s

by Ting(4 ) at Orlando. The polar glass ceramic can show no aging and appears

very stable to exceedingly high hydrostatic pressures.

(@) Following the work of Banno ( s ) in NGK, a new water quenching

technique has been used to develop PbTiO3 and PbTiO3 :BiFeO3 powders for 0:3

composites.

(f) In a joint program with North American Philips Laboratories, a

detailed analysis of the resonant modes of 1:3 PZT:epoxy composites has been

carried out. The results follow closely the expected performance as a

function of scaling for the thickness modes and confirm the advantage of the

composite (suitably scaled) for electromedical transduction (6 ) .

A cooperative study with Dr. Auld and his group at Stanford ( ) has

revealed a most interesting spectrum of transverse modes, and Dr. Auld has

developed a two dimensional lattice theory'which explains the observed

(8)
spectra

2



2.2 Electrostriction

(a) Basic Theory

Calculations of the hydrostatic electrostriction constant Qh and of the

third order elastic constant c1li have been made for the non-ferroelectric

fluoride perovskite K-nF 3 and the values are in excellent agreement with the

experimental measurements of K. Rittenmyer ( 9) .

A new derivation has been made of the temperature dependence of the Qh in

SrTiO3 which now takes proper account of the soft mode behavior and gives much

better agreement with experimental values.

(b) Basic Experiments

Problems which have plagued us for more than 5 years in our attempts to

make direct dilatometric measurements of the separated electrostriction

constants Qi, in NaC1 have been traced to the dislocation structure in the

crystals. Pinning the dislocations by intense neutron irradiation gives much

better values, but does not remove all frequency dependence for Qll.

A new equipment has now been completed for measurements of the uniaxial

stress dependence of the dielectric permittivity which is the converse of the

electrostrictive effect. Measurements on CaF 2 yield high reproducibility and

appear completely consistent with phenomenological correlation.

(c) Practical Electrostrictors

Measurements in the PLZT family suggest that the slim loop 9.5:65:35

material is a superparaelectric comparable in most properties to

PbMgl/ 3Nb2/303 :PbTi0 3. The 8.5:65:35 composition is more sensitive than the

PMN:10% PT, but probably a little slower in electrostrictive response.

3



2.3 Conventional Piezoelectrics

(A) A combination of the thermodynamic data of A. Ain 1 0 ) , and the low

temperature data of Chen, Zhang, Schulze and Cross (11 ) has been used to

separate extrinsic (domain and phase boundary motion) from intrinsic single

domain contributions to 633, d3l and d3 3 in pure and in commercial doped PZTs.

(b) Preliminary x-ray studies at temperatures above the Curie

temperature T0 have verified that Navy type PZTs from different manufacturers

do have distinguishably different degrees of x-ray line broadening suggesting

differing degrees of heterogeneity in the Zr:Ti distribution.

2.4 Processina Studies

(a) New high strain PbTiO 3:BiFeO 3 solid solutions have been developed

and powders of these materials generated by water quenching.

(b) A wide range of solid substitutions are being explored in the

PbMg 1 /3Nb. 2 / 3 03 :PbTiO3 and in the PbMg 1 / 3Nb2 / 3 03 :PbFe 1 i2Nb1 / 2 03 solid solution

relaxor systems. This work is jointly with the Dielectric Center 2rograms as

these materials are interesting both for electrostrictive and for their high

dielectric constants.

(c) In single crystal growth large crystals of the non-oxide perovskite

KMnF3 have been grown for electrostriction and non-linear elastic constant

measurements.

In cooperation with Rockwell Science Center solid solutions in the

Pb lZ BaxNbO20 6 at compositions close to the morphotropic boundary at x - 0.6

have been grown into single crystals. The interest in Rockwell is in the high

electro-optic r 4 1 , r52 and in the possibility for temperature compensated SAW

application.

For this program, the interest is in generating a single crystal material

upon which the nature of the field induced morphotropic change may be explored

4



by simple optical techniques and the full tensor properties measured upon

oriented crystal samples.

Over the period of the contract from January 1, 1983, to December 31.

1983, the following papers were published.

(1) A. Safari, 'Perforated PZT-Polymer Composites with 3-1 and 3-2

Connectivity for Hydrophone Applications.' Ph.D. Thesis in Solid State

Science, The Pennsylvania State University (December, 1983).

(2) M. Haun, 'Transversely Reinforced 1:3 and 1:3:0 PZT:Polymer

Piezoelectric Composites with Glass Fibers.' M.S. Thesis in Solid State

Science, The Pennsylvania State University (December, 1983).

(3) E. Galgochi. 'Polymer:PZT Fiber Composites.' M.S. Thesis in Polymer

Science, The Pennsylvania State University (August, 1983).

(4) M.J. Haun, P. Moses, T.R. Gururaja, W.A. Schulze and R.E. Newnhan,

'Transversely Reinforced 1-3 and 1-3-0 Piezoelectric Composites.'

Ferroelectrics 49:259 (1983).

(5) R.E. Newnham and J. Runt, 'Polymer:Piezoelectric Ceramics.' Polymer

News (in press).

(6) J. Runt and E.C. Galgochi, 'Piezoelectric Composites of PZT and Some

Semi-Crystalline Polymers.' Materials Research Bulletin 19:253 (1984).

(7) 3. Runt and E.C. Galgochi, 'Polymer/Piezoelectric Ceramic Composites:

Polystyrene and Poly (methyl methacrylate) with PZT.' Journal of

Applied Polymer Sciences 29:611 (1984).

(8) T.R. Gururaja, W.A. Schulze, L.E. Cross, B.A. Auld, Y.A. Shui and Y.

Wang, 'Resonant Modes of Vibration in Piezoelectric PZT:Polymer

Composites with Two Dimensional Periodicity.' Ferroelectrics 54:183-186

(1984).

(9) W. Schulze, 'The Incorporation of Rigid Composites into a Conformal

Hydrophones.' Ferroelectrics 12:359 (1983).



(101 M. Shishineh. 'A New Technique for MeasurinS Electrostriction

Coefficients at Elevated Temperature.' M.S. Thesis in Electrical

Engineering, The Pennsylvania State University (December, 1983).

(11) C.L. Sundius, 'Determination of Temperature Dependence of

Electrostxiction Coefficients in Strontium Barium Niobate.' M.S. Thesis

in Solid State Science. The Pennsylvania State Universit7 (December,

1983).

(12) K. Rittenayer. A.S. Bhalla, Z.P. Chang and L.E. Cross, 'Electrostriction

and Its Relation to Other Properties in Perovskite Type Crystals.'

Ferroelectrics 50:535-543 (1983).

(13) N. Shishineh. C.L. Sundius, T. Shrout and L.E. Cross, 'Dire

Measurement of Electrostriction in Perovskite Type Ferroelectri

Ferroelectrics 50:219-224 (1983).

(14) Tao li, Chen Zhili and L.E. Cross, 'Polarization and Depolarizatron

Behavior of got Pressed Lead Lanthanum Zirconate Ticansce Ceramics.'

Ferroelectrics 54:163-166 (1984).

(1S) Chen Zhili, Yao 1i and L.E. Cross, 'Depolarization Behavior and

Reversible Pyroelectricicy in Lead Scandium tancalate Ceramics under

D.C. Bias.' Ferroelectrics 49:213-217 (1983).

(16) K. Uchino, S. Nomura and L.E. Cross, 'Anomalous Temperature Dependence

of Electrostrictive Coefficient in K(Tao.5 5 Nob. 4 5 )03.' J. Phys. Soc.

1pu. j1:3242 (1982).

(17) Chan Zhili, Yao 1i and L.E. Cross, 'Reversible Pyroelectric Effect in

Pb(Scl/zTa 12 )03 Ceramics Under D.C. Bias.' Ferroelectrics Letters

44:271 (1983).

(18) Yao li, Chen Zhili and L.E. Cross, 'Polarization and Depolarization

Behavior of Hot Pressed Lead Lanthanum Zirconate Titanate Ceramics.' 1.

Appi. Phys. 5.4(6):3399 (1983).
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(19) T.R. Shrout, H. Chen and L.E. Cross, 'Dielectric and Piezoelectric

Properties of Pbl-,BaNb2 06 Ferroelectric Tungsten Bronze Crystals.'

Ferroelectrics Letters 44:325 (1983).

(20) T. Kimura, M. Machida, T. Yamaguchi and R.E. Newnham, 'Products of

Reaction Between PbO and Nb2 05 in Molten KCl and NaCi. J. Amer. Ceram.

Soc. 66:C195 (1983).

(21) S. Lin. S.L. Swartz, W.A. Schulze and I.V. Biggers, 'Fabrication of

Grain Oriented PbBi2Nb2O9 .' J. Amer. Ceram. Soc. 66(12):881-884 (1983).

(22) A. Halliyal, A. Safari, A.S. Bhalla and R.E. Newnham, 'Grain Oriented

Glass Ceramics: New Materials for Hydrophone Applications.'

Ferroelectrics 50:45-50 (1983).

(23) R.Y. Ting, A.G. Halliyal and A. Bhalla, 'Polar Glass Ceramics for Sonar

Transducers.' Appl. Phys. Letters 44:852-854 (1984).

(24) A. Halliyal, A. Safari. A.S. Bhalla. R.E. Newnham and L.E. Cross. 'Grain

Oriented Glass Ceramics for Piezoelectric Devices.' J. Amer. Ceram.

Soc. 67(5):305 (1984).

(25) K. Uchino and L.E. Cross, 'Longitudinal Piezoelectric Strain

Measurements of Poly (vinylidene fluoride) Films.' 3. Polymer Sci.

21:765 (1983).

(26) X.L. Zhang, Z.X. Chen, L.E. Cross and W.A. Schulze, 'Dielectric and

Piezoelectric Properties of Modified Lead Titanate Zirconate Ceramics

from 4.2 to 3000K. ' 3. Mat. Sci. 18:968 (1983).

(27) TR. Gururaja, D. Christopher, R.E. Newnham and W.A. Schulze,

'Continuous Poling of PZT Fibers and Ribbons and Its Application to New

Devices.' Ferroelectrics 47:193 (1983).

(28) A. Amin and L.E. Cross, 'The Ferroic Phase Transition Behavior of

Pb(Zr 0 .6Ti0 .4 )03.' Ferroelectrics 50:237-241 (1983).
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(29) T.L Shrout. A. Safari and W.A. Schulze, 'Low Field Poling of Soft

PZTs.' Ferroelectrics Letters 44:227 (1983).

(30) B.V. Hiremath, A. Kingon and J.V. Biggers, 'Reaction Sequences in the

Formation of Lead Zirconate:Lead Titanate Solid Solutions: Role of Raw

Materials.' 3. Amer. Ceram. Soc. "(11):790 (1983).

(31) A.S. Bhalla. C.S. Fang, L.E. Cross and Yao Xi. 'Pyroelectric Properties

of Modified Triglycine Sulphate (TOS) Single Crystals.' Ferroelectrics

i±: 151-134 (1984)

(32) C.S. Fang, Tao Ii. A.S. Bhalla and L.E. Cross, 'The Growth and

Properties of a New Alanine and Phosphate Substituted Triglycine

Sulphate (ATGSP) Crystal.' Ferroelectric U:669-673 (1983).

(33) S.T. Liu and A.S. Bhalla. 'Some Interesting Properties of Dislocation-

Free Single Crystals for Pure and Modified Sr0 .5 Ba 0 .5 Nb,0 6.'

Ferroelectrics 51:707-711 (1983).

Over the year, tbe following papers relevant to work on this contract,

were presented at National and International Meetings.

PAPERS PRESENTED AT T INTERMATIONAL STY3EOSllM ON APPLICATION$ OF

FE ELECTRICS ISAF 83 N.B.S., WASHf'IGTON, DC, TUNE. 1983

(1) 1B-1 Ferroelectric Composites (invited) - R.E. Newnham.

(2) '7B-1 Electrostriction (invited) - L.E. Cross.

(3) 4-6 Transversely Reinforced 1-3 Piezoelectric Composites - N.J. Baun.

T.. Gururaja, W.A. Schulze and R.E. Newuham.

(4) 4B-5 Perforated PZT Composites for Hydrophone Applications - A. Safari,

S. DaVanzo and R.E. Newnham.

(5) 5B-7 Glass-Ceramics: New Materials for Hydrophone Applications - A.

Halliyal, A. Safari and A.S. Bhalla.
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(6) 4B-2 Measurement of Plantar Pressures Under the Human Foot Using

Piezoelectric Ceramics (invited) - P.R. Cavanaugh and N.

Macmil I an.

(7) 7B-6 Electrostriction and Its Relationship to Other Properties in

Perovskite-Type Crystals - K. Ritcbnmyer, A.S. Bhalla, Z.P. Chang

and L.E. Cross.

(8) 7B-5 The Effects of Various B-Site Modifications on the Dielectric and

Electrostrictive Properties of Lead Magnesium Niobate Ceramics -

D.J. Voss, S.L. Swartz and T.R. Shrout.

(9) 7B-7 Direct Measurement of Electrostriction in Perovskite Type

Ferroelectrics - M. Shishineh, C. Sundius, T. Shrout and L.E.

Cross.

(10) 4A-5 Pyroelectric Property of Pb(Scl/ 2Ta1/2)03 Ceramics Under DC Bias -

C. Zhili, Y. 1i and L.E. Cross.

(11) 8A-2 The Ferroic Phase Transition Behavior of Pb(Zr 0 . 6 Ti 0 . 4 )0 3 - A.

Amin and L.E. Cross.

(12) 4A-2 Low Temperature Pyroelectric Properties - A.S. Bhalla and R.E.

Newuham.

(13) 1OA-2 The Growth and Properties of a New Alanine and Phosphate

Substituted Triglycine Sulphate (ATGSP) Crystal - C.S. Fang, Y.

Xi, Z.X. Chen, A.S. Bhalla and L.E. Cross.

(14) 1OA-8 Some Interesting Properties of Dislocation Free Single Crystals of

Pure and Modified Sr 0 .5 Ba0 . 5 Nb20 6 - S.T. Liu and A.S. Bhalla.

PAPERS PRESENTED AT THE EUROPEAN MEETING

ON FERROELECTRICS EMF. BENALMADENA. SPAIN, 1983

(16) P1D1O Electrical Poling and Depoling Studies of the Relaxor

Ferroelectric 8:65:35 PLZT - Z. Chen, Y. Xi and L.E. Cross
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(17) PID16 PZT:Polymer Composite Transducers for Ultrasonic Medical

Applications - T.R. Gururaja, W.A. Schulze, L.E. Cross, S.A. Auld,

T. Van& and Y.A. Shui

(18) P1D7 Pyroelectric Properties of Modified Trillycine Sulphate (TGS) -

A.S. Bhalla. C.S. Fang, L.E. Cross and Yao Ii

(19) PID18 A New Family of Grain Oriented Glass Ceramics for Piezoelectric

and Pyroelaccric Applications - A. galliyal and A.S. Bhalla

(20) P484 Pyroelectric and Piezoelectric Properties of SbSI:Composites -

A.S. Bhalla and R.E. Newnham

(21) P4B18 Dielectric and Piezoelectric Properties of Tungsten Bronze Lead

Barium Niobate (Pb XBal...Nb 2O6 ) Single Crystals - T.L Shrout, ILC.

Chen and L.E. Cross

?APERS PRES9EED AT THE FALL -E rILNG OF THE ELECTRONICS

DIVISION OF TIM AKERICAN CERAMIC SOCIT, GROSSLNGERS., IE YORK, 19S3

(22) 2E83F RElaxor Ferroelectrics - L.E. Cross

(23) 37E83F Piezoelectric Composites - R.E. Newnham

(24) 39E83F Pyroelectric and Piezoelectric Properties of SbSI:Composites -

A.S. Bhalla and R.E. Newuham

(25) 40E83F Effects of Sm,0 3 on Electromechanical Properties of PbTiO3

Ceramics - l.R. Ie, V. Schulze and RLE. Newnham

(26) 44E83F Perforated PZT Composites for Hydrophone Applications - A.

Safari, S. DaVanzo and R.E. Newnham

(27) 18E83 Processing Effects in PbNb20 6 Ceramics - M. Bliss, LE. Newnham

and L.E. Cross

(28) 20E83 Dielectric Properties in the PbFe l / 3,Nb2 /3O3 :PbNi 1 / 3NbZ 1 303 Solid

Solution System - M.J. Haun. S.L. Swartz anA T.R. Shrout

10



(29) 58E83 The Ferroelectric Properties of Pb +2 U+Nb206 M - La or Di

J.R. Oliver. R.R. Neurgaonkar and L.E. Cross

(30) 59E83 Growth and Properties of Li Doped TGS Crystals - C.S. Fang, Z.X.

Chen, L.E. Cross and A. Bhalla

(31) 63E83 Strength of Agglomerated Zirconia Powder - W.R. lue, B.V.

Hiremath and J.V. Biggers

(32) 35E83 Piezoelectric Transducers - L.E. Cross

PAPERS PRESE?4TED AT IEEE ANNUAL MEETING ON

SONICS AND ULTRASONICS, ATLANTA, 1983

(33) Piezoelectric Composites - L.E. Cross and R.E. Newuham

PAPERS PRESENTED AT THE ANNUAL MEETING OF

THE MATERIALS RESEARCH SOCIEY. BOSTON, NOVEMBER. 1983

(34) 86.1 Design of Composite Materials for Electro-Mechanical and Electro-

Thermal Applications - LE. Cross

(35) 1.3.2 Structure-Property Relations in Electronic Ceramics - R.E.

Newuham

PAPERS PRESENTED AT US:CHINA SEMINAR ON CERAMIC, SHANGHAI, 1983

(36) Ferroelectric and Piezoelectric Effects in Crystalline

Dielectrics - L.E. Cross

AMERICAN CRYSTALLOGRAPHIC ASSOCIATION MEETING. SNOWMASS, COLORADO, 1983

(37) Influence of Hydrostatic Pressure on Morphic PZT Compositions -

A. Amin, R.E. Newuham and L.E. Cross

(38) Primary and Secondary Pyroelectricity in Crystals, Ceramics and

Composites - A.S. Bhalla and LE. Newtham
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INTERNATIONAL SYMPOSIUM ON PIEZOELECTRIC POLYMERS AND TREII

BIOMEDICAL APPLICATIONS. PISA. ITALY, 1983

(39) Piezoelectric Composites - R.E. Newnham

During the contract year, the following University degrees have been

earned by graduate and undergraduate students working upon the program.

GRADUAT DEGREES - M.S., Ph.D.

Ahmad Safari Ph.D., Solid State Science - December, 1983
'Perforated PZT-Polymer Composites with 3-1 and 3-2
Connectivity for Hydrophone Application'

Michael Haun M.S., Ceramic Science - December, 1983
'Transverse Reinforced 1-3 and 1-3-0 PZT-Polymer
Piezoelectric Composites with Glass Fibers'

Mojtaba Shishineh M.S., Electrical Engineering - December, 1983
'A New Technique for Measuring Electrostriction
Coefficients at Elevated Temperatures'

Carole L. S-ndius M.S.. Solid State Science - December, 1983
'Determination of the Temperature Dependence of
Electrostriction Coefficients in Strontium Barium
Niobate'

UNDERGRADUATE THESIS PROJECT - B.S.

Daniel Armbruat B.S., Ceramic Science and Engineering - May, 1983
'Bismuth Tungstate Ferroelectrics'

R. Michelle Gedrjiewski B.S., Ceramic Science and Engineering - May, 1983
'Composites for Vibration Absorbers'

Deborah Murphy B.S., Ceramic Science and Engineering - May, 1983
'Morphotropic Phase Boundary in the PbTiO3 :BiFeO3 :
L&FeO3 System'

Lisa Veitch B.S., Ceramic Science and Engineering - May, 1983
'Pb(NiNb)0 3 Ceramics for Low Temperature
Electrostrictive Applications'

;ames Walch B.S., Ceramic Science and Engineering - May, 1983
'I-Ray Line Broadening Studies of PZTs'

During the Summer of 1983, the Office of Naval Research again provi'ded

support for a Summer Apprentice Program in Applied Sciences to permit minority

12



students who were considering Science as a vocation to have 'hands on'

experience in a basic research laboratory. The students, Cheryl Y. Price and

Lucius Smart, were potential entrants to the University Science College

through the 'Upward Bound' Program in their high school in Philadelphia and

the coordinator in Penn State. Bridget Chadwick is a State College girl now

enrolled in our College of Engineering in the Electrical Engineering Program.

Each student was attached to one of our more senior graduate students for

immediate supervision. Some indication of their involvements with computer

aided measurements, mechanical design of test specimens and optical

characterization of composites can be seen in Figure 1.

Te are proud and pleased to be able to participate in this most useful

'outreach' program and are convinced that the benefits both to the students

and the program justifies the small cost.

Work on this program was again recognized for its excellence in the

University wide Xerox Awards for Research Excellence for the 1982-83 academic

year. David Christopher who took the award for Research Accomplishment for an

Undergraduate was doing his thesis project upon this ONR program. leven G.

Ewsuk an M.S. recipient made extensive use of the H.I.P. equipment and was a

regular participant in group meetings, though his support came from another

program. James Laughner one of the Ph.D. awardees was a long standing member

of the ferroelectrics group whose work was supervised by R.E. Newuham (Figure

2).

3. COMPOSITE MATERIALS

3.1 Transversely Reinforced 1-3 and 1-3-0 PZT: PolTmer Composites

Early very simple calculations have suggested that the sensitivity figure

of merit dhSh could be as high as 300,000 z 1 0
- 5 m2 /N, for a composite with 5

vol% PZT. Model systems have, however, been limited to sensitivities of at

13
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most 40.000 x 10- 1 5 m2/N. and we have for some time known that the major

liniting factor was the effect of the poisson ratio of the polymer which

converts part of the transverse stress into a reverse longitudinal stress

along the PZT rods (Fig. 3).

Studies completed this year by M. Haun have demonstrated that using

transversely reinforcing glass fibers foamed polyurethane matrix composites

can be formed with figures of merit up to 150,000 x 1 0
- 1 5 m2 /N for a 6 vol%

PZT. More refined theoretical calculations taking better account of the

poisson ratio effects suggest a proper theoretical value near 180,000 x 10 - 1 5

m 2 /N which in view of the many approximations involved is in quite good

agreement.

It is probable that materials with such high coefficients may be too much.

influenced by hydrostatic pressure for all but very small submergence

hydrophones. However, the trends of the data with increasing reinforcement

(fiber volume) are quite clear (Table 1). Certainly, it is possible to

fabricate materials with a range of sensitivity and stability properties to

suite a wide variety of potential applications. TIe materials which are the

component phases are exceedingly inexpensive, the challenge now is to find

automated techniques for fabrication and assembly so as to make large size

sheets available for general testing and development.

A detailed account of the 1:3:0 transversely reinforced PZT:polymer

composites is given in the M.S. thesis by M. Baun. The abstract for this

thesis is included as Appendix 1.

3.2 PZT:Polvmer Comoosites with 3:1 and 3:2 Connection

An alternative approach for a large area segmented hydrophone may be

afforded by the perforated PZT 3:1 and 3:2 connection composites. This

structure which uses drilled or in other ways perforated PZT offers the

16
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advantage of being much more robust than the 1:3:0 composite, and again by

varying the size and spacing of the holes (Fig. 4) and the mode in which the

holes are filled or capped a very wide range of trade-offs can be achieved in

density, sensitivity, robustness. pressure range, etc. (Table 2).

Perhaps the only significant disadvantage is that the 3:1 and 3:2 modes

of connectivity give the structure the mechanical rigidity of the PZT,

however, it should be possible to articulate large sheets of 3:1 or 3:2 units

in a flexible elastomer.

A second feature of this structure is the protected space inside each

active element which on current scaling would be ample for the encapsulation

of a miniature semiconductor integrated circuit. For these materials, we

believe it should be possible to convert the local pressure information into a

modulation on an electromagnetic carrier, to then put many element signals

down common wires and still recover individual pressure and phase information

in a central processor.

A detailed analysis of the behavior of a range of 3:1 and 3:2 ?ZT:polymer

composites has been given by A. Safari in his Ph.D. thesis. The abstract from

that thesis is included as Appendix 2 to this report.

3.3 Finite Element Calculations of the Stress Distribution in 3:1 Perforated

PZT:Polvmer Coumosites

In the finite element method, a solid of complex shape is divided up into

an interconnected network of small 'finite elements.* Using the hookian

elastic properties and the continuity relations required, the elastic stress

distribution at the nodes of the network can be calculated, For composite

materials involving elastic or even visco-elastic properties. the method is

particularly powerful and permits detailed evaluation of the stress

distributions in each phase provided the elastic boundary conditions can be
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Figure 4.
Approximated model. for perforated (a) 3-1. and (b) 3-2
comositas withi circular holes.
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'able 2.

O~timized O±iectric and ?iazoelectzic ?'roper:±es of Pertforaced Com~osi:es

i()3.5 3.3 4.2z4.

:()4.0 4.0 5.0 5.0

D )3.0 3.0 3.0 3.0

2 (kCaIm 3 2600 2600 2500 2300

7o I. Z ?= 35 35 45 453

'3650 650 37 5 360

can 3 0.03 0.013 0.03 0 .02

d 33 (pci ) 410 430 350. 37-0

33(.l0 3 77MNi'1 70 75 1-00 --
(,-3V -1

V. ) 30 35 60 70

d. (pCNf 1  1.70 200 2000

(X10O 5. 12N 000 7000 i.2000 30 0 0
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adequately specified. Clearly for such methods, the precision with which the

continuous stress distributions can be calculated will increase as the mesh

size for the finite elements is reduced but, of course, at the cost of rapidly

increasing computation time and expense.

For the case of the piezoelectric composites, the FEN is used to

calculate the stress distribution in the PZT phase, then from the known

macroscopic piezoelectric coefficients the distribution of electric

polarization can be determined. The polarization for the composite is then

determined using simple series and parallel connection models. From the

composite polarization it is then Simple to calculate the composite dh

coefficient.

The method is currently being applied to a calculation of the hydrostatic

piezoelectric coefficient dh for a 3:1 perforated PZT:polymer composite with a

square hole configuration as shown in Figure 5. At a hydrostatic pressure

level of 100 psi, using bulk constants for a PZT 5 and a SPURS epoxy polymer,

the phases used by A. Safari in similar 3:1 composites, preliminary

calculations are in excellent agreement with the experimental data of Safari.

For a 3-1 composite with a hole size of 2.5 mm, for example, the calculated dh

was 120 x 10 - 1 2 C/N as compared to a measured value of 130 x 10 - 1 2 C/N.

Other published papers relevant to the PZT:polymer composite studies are

included in Appendices 3-10.

For a limited FEM set, the technique is expected to underestimate the

stress values converging to an exact solution as the number of elements is

increased, so that in our calculation, it is expected that the FEM value

slightly underestimate the stress, and thus the dh as is in fact observed.
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3.4 Fresnoite: Oriented Polar Glass Ceramics for Hvdrophone Analications

Over the last four years, a very extensive study has been made of the

dielectric, piezoelectric and elastic properties of a new family of polar

glass ceramics. Starting from appropriate glass compositions, we have

demonstrated that by re-crystallization from a planar surface in a strong

normal temperature gradient, highly polar oriented crystallites can be

generated in the Ba2 TiSi 2O 8 , Ba2 TiGe2O8, Sr2TiSi 2O8 , Li2 Si2O5 and Li 2B 4 07

families. These are all in polar crystal structures, but are non

ferroelectric, so that the original orientation initiated when the

crystallites grow cannot be destroyed except by physical destruction of the

sample.

During the four year period, techniques have been evolved for combining

more than one crystalline phase in the composite and for engineering

combinations which can be strongly pyroelectric but non piezoelectric, or

conversely strongly piezoelectric and non pyroelectric. Combinations of

properties which are clearly impossible and forbidden by symmetry in single

phase systems.

A practical application which looks most promising for the glass ceramic

is as a piezoelectric hydrophone material. In the Ba2 TiSi2 08 and analog

Ba2 TiGe2O 8 glass ceramics, a combination of high Sh and high dhgh comparable

to the polymer PVDF, but in a material with zero aging and extremely stable

properties holds real promise to generate a new standard for calibration

purposes.

Work on the composites is continuing with effort currently focused uron

generating larger samples for study and improving the integrity and uniformity

of the re-crystallized films. Recent publications on transducer applications

of glass ceramics are given in Appendices 11-13.
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4. ELECTOSTRICTION STUDIES

4.1 Theoretical Studies

4.1.1 Static Lattice Calculations for rnF3 jJ and Ln 3

Harmonic and first-order anharmonic properties at the zone center have

been calculated for two perovskite fluorides on the basis of the shell model.

The harmonic part of the model used is equivalent to Cowley's model (12) . The

14 harmonic model parameters are determined from the room temperature values

of the elastic and dielectric constants and from the zone-center optic mode

frequencies. Anharmonic contributions from coulomb interactions and from

short range two-body central forces between cation-fluorine nearest neighbors

and fluorine-fluorine second neighbors are included. The corresponding model

parameters are either determined empirically or by assuming the Born-Mayer

potential form. Good agreement between calculated and available room

temperature values is found for the electrostriction constants and for the

third-order elastic constants. The good agreement indicates only weak

coupling between the soft R 1 5 mode and these zone center first order

anharmonic properties, and is a clear indication of the adequacy of the shell

model employed. For these non-ferroelectric perovskite crystals with only

weak Rl5 mode softening, thermal effects at the zone center can be described

by weakly temperature dependent model parameters and do not enter explicitly

into the calculation.

4.1.2 Temerature Devendence of Electrostriction in SrTiO 3

Expressions for the electrostriction (Qij) coefficients at finite

temperature T have been derived from anharmonic perturbation theory by using

the thermodynamics one-phonou Green's functions. A one-to-one correspondence

of all individual terms with the long wavelength method pertaining to the

static crystals has been established. The Q coefficients are liven by linear

25. 
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combinations of third order coupling parameters (C.P.'s) in the static

reference state, and on the temperature dependent renormalized zone center

frequencies which in turn depend on the third and higher order C.P.'s. The

separate mode softening problem and the uncertainties in determining

consistent higher than third order C.P.'s may therefore be by passed by using

experimental values of the temperature dependence of zone center frequencies

as input. Numerical application of this procedure to SrTiO 3 based on a shell

model with coulomb and short range anharmonicity included gives good agreement

with the measured temperature dependence of the hydrostatic (Qh)

electrostriction coefficient.

For these calculations, it must be remembered that for ionic crystals, at

the zone center, there are two ways of defining the dynamical matrix and the

Green's function, namely with the macroscopic electric field included (D. and

G ) and with the field deleted (G- and D_). Experimental optic mode phonon

frequencies are given by the Eigenvalues of D+ (or poles of G), but

dielectric constant and electrostriction depend on the Eigenvectors and

Eigenfrequencies of D_. For transverse optic (TO) modes in perovskite

compounds Eigenvalues of D+ and D_ are identical, but Eigenvectors of D+ and

D are different. In anharmonic many-body perturbation theory all

contributions to electrostriction depend on constant Eigenvectors of D_

corresponding to the static crystal, and upon the temperature dependent

renormalized frequencies (poles of G_). Hence, the possibility to use

experimental (temperature dependent) frequencies and theoretical Eigenvectors

of the static crystal (corresponding to D-).
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4.2 Exerimental Electrostriction

4.2.1 Measurements by the Direct Method

Using a modified and improved version of the capacitance ultra-

dilatometer originated by Uchino and Cross ( 1 3 . Kurt Rittenayer has just

completed a very extensive sequence of measurements upon single crystals of

the alkali halides (KC1 and NaCI) and upon the fluorite structure crystal

(Cap 2 ). A full account of this work is given in the Ph.D. thesis of

Zittenayer. The abstract of the thesis is included as Appendix 14 to this

report.

Major conclusions from the work may be summarized as follows.

In both KC1 and NaCI, the measured values of Qll show a marked dispersion

over the frequency range 5 Hz to 500 Hz. We believe that this dispersion is

related to the charged dislocation structure in t.he alkali halides since: (1)

crystals which have been plastically deformed to a polycrystal form and are

mechanically much stronger show grossly ENHANCED electrostriction with

constants more than an order of magnitude larger than the single crystal. (2)

Crystals which have been neutron irradiated at very high doses, so as to pin

the dislocations show much reduced constants with reduced dispersion. In view

of the above observations, it is the contention of this work that currently

accepted values of the constants which have been measured by the direct method

are distinctly suspect. It is perhaps not surprising that theoretical

calculations do not agree with current measured values.

For the fluorite structure crystals CaF 2 , the values obtained measuring

100, 110 and Ill oriented crystals give a mutually self-consistent set. There

is no significant dispersion for QII (measured in 100), and only very slight

dispersion for 111 orientation but again the values are larger than would be

expected from simple theory and about a factor of five larger than values

obtained by the converse method of measurement.
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It has been suspected for some time that part of the problem in making

direct measurements of electrostriction parameters stems from the mounting of

the crystal. Evidently it is not possible to obtain the thickness change by

monitoring at a single point on the surface, and it is essential to glue the

crystal firmly in place to obtain any reproducibility in the strain

Measurement. Very recent optical dilatometer measurements by Chen (14 ) suggest

that even in non piezoelectric crystals and ceramics, flexure modes can be

excited. Possibly surface space charge fields give rise to weakly

piezoelectric surface layers and thus an induced bimorph mode.

In future work we will re-design the dilatometer to eliminate these

possible flexure modes.

4.2.2 Measurements by the Converse Method

Over the first year of the current contract period, a completely new

equipment for measuring the dielectric response of single crystals of low

permittivity solids under pure uniaxial stress, has been constructed. In this

uniaxial compressometer, the stress is applied to sample using a simple lever

arm to provide high load at the center point of a piston of hardened steel. To

avoid poisson ratio perturbation of the stress system, the anvils in contact

with the crystal are made of the same crystalline material cut in the same

orientation as the sample under test.

For dielectric measurement, the sample in the form of a thin disk, is

equipped with sputtered metal electrodes and a full three terminal guard ring

system. Contacts to both guard and electrodes are made by pressure pads in

the perimeter of the metal mounting cylinder which are themselves fully

guarded.

Measurements of the capacitance under load were carried out using a

General Radio 1620 measuring system which is capable of resolving changes of
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order 10-lS Farads. Temperature control was effected by the very large

thermal mass of the holder and stressing jig, and slow temperature drift

effects were eliminated by measuring the changes induced by stress on both

loading and unloading.

Data for the stress dependence of permittivity for 100, 110 and 1 cuts

of CAF 2 are shown in Figure 6. A more detailed account of this work is given

in Appendix 15.

4.2.3 Electrostriction in High PermittivitT Crystals

4.2.3.1 Iatroduction. Two topics have been of major interest in their

importance to the basic understanding of electrostriction in high permittivit7

solids. In single crystals barium titanate (BaTiO3 ), there are two earlier

sets of measurements of the temperature dependence of electrostriction
(1 5.1 6)

which give completely different trends for the coefficient Qill If as is

suggested by the data of Beige and Schmidt(15) the constant Q i is a linearl7

decreasing function of temperature passing through zero at a temperature close

to the Curie Weiss point To , then the whole Devonshire phenomenological

theoretical explanation of the spontaneous deformations of the ferroelectric

phases is Suspect. If on the other hand Q is only a weakly decreasing

linear function of T as suggested by the data of Huibregtse et al.(16), the

Devonshire phenomenology is clearly adequate to describe the elasto-dielectric

properties of the ferroelectric phases.

In view of the importance of the phenomenological approaches to many of

the efforts, we have been and are now making to untangle intrinsic and

extrinsic contributions to ferroelectric properties, it appeared most

desirable to equip ourselves to make direct measurement of electrostriction at

higher temperature and resolve the current controversy once and for all.
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Nil - -0.132 x 10
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(N1 2 12 = +0.128 x 10
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Havin$ constructed and calibrated a thermal expansion compensated

dilatometer which would perform satisfactorily at high temperature, our

attention became focused on the interesting problem of electrostriction in a

uniaxial parselectrio. In L.G.D. theory, the average polarization P is zero

even for temperatures very close to the Curie Point T.. however, the theory

cannot speak to the dynamical situation and close to T. one expects large

thermal fluctuations of jP and thus a non-zero value of p2 . Since in a

uniaxial crystal (unique axis along 3) the strain is given by

z33 a Q33 3

If i is non-zero, electric polarization induced strain must begin to appear

well above Tc.

Clearly, in measuring now the induced strain due to the application of

field above T., the measured value of Q3 3 will depend on the make up of the

induced average change of P3. One may in general expect at least two

components.

Pa(3) due to regions whose polarization is changed from zero, and Pb(3)

due to the modulation by the field of the thermal fluctuations, which already

1is3t. Pa(3) will contribute to strain in the normal manner, however because

electrostriction depends on P2, +P and -P produce equal strain and modulating

the pre-existing fluctuations will not modulate the strain. i.e.

P3 a Pa(3) Pb(3)

the induced strain will be

z3 3 = Q33P(3).

If, however, we measure only the total polarization, we shall find for the

induced strain
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'133 * (1 2
Q33P 3

where Q3 3 is an apparent electrostriction constant such that

Q3Pa(3) [P3-Pb(3)

3 3

As T -) T we expect Pb(3) -> P3 and thus Q13 -) 0.

From the manner in which Q3 3 decreases as T -> T € we may then expect to

gain information as to the importance of fluctuations in the total

polarization process.

4.2.3.2 "strug a . To permit the direct measurement of

electrostriction over a wide temperature range, our original capacitance

ultradilatometer has been modified to reduce the sensitivity and to compensate

the mechanical measuring circuit for the thermal expansion of the sample

support system.

A schematic drawing of the measuring cell is given in Figure 7.

Insulation of the sensing capacitor is now by glass ceramic for the higher

temperature. The outer container is split so that the support is partly of

brass and partly of low thermal expansion inconel a sliding ring permits a

tuning of the expansion of the outer support so as to match sample and

standard (quartz) and the glass ceramic support of the inner structure.

By careful balance of this mechanical bridge structure, it is possible to

reduce the thermal effects so that the capacitance bridge can be worked at

high enough sensitivity to detect and measure the AC capacitance changes

induced by driving the standard and by driving the paraelectric sample under

ieasurement with reasonable AC field levels.
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For the range from 204C to 2000C, the dilatometer is capable of resolving

AC displacements at frequencies up to 25 Rz of order of 0.05 1 (5 z 10-12

meters). A complete description of the development, calibration and

measurements using this AC dilatometer is given in the MS thesis of Mojtaba

Shishinch, 'A Simplified Temperature Compensated AC Dilatometer for

Electrostriction Measurements.' The abstract for the thesis is included as

Appendix 16.

4.2.3.3 Measurements on BaTi03 . The major problem in this work was not

the dilatometer or the difficulty of measurement but the problem of obtaining

adequate crystals of BaTiO3 for this work. Remeika type samples were too thin

and plate like to give reproducible displacements. It was not possible to

obtain new melt grown crystals from Saunders Associates whose available

crystals were not of adequate quality. Best results were obtained using

crystals from Tyco Co. which had been produced by edge defined growth.

After annealing at 12506C to remove internal stress, these crystals

showed good optical extinction, a Curie point Tc at 1240C and a Curie Weiss

constant C = 1.56 x 10 in good agreement with accepted values.

For measurements in the range 124 to 1400C, Qii values were in close

agreement with the data of Huibregtse et al. showing only a weak negative

temperature coefficient, and falling in close agreement with values calculated

in the ferroelectric phase from P. and spontaneous strain.

Above 1500C, measured values begin to rise rapidly due to inhomogeneity

in the field distribution produced by increasing current. Annealing in oxygen

was tried to extend the measurable range but without success.

Very recently Roleder in Poland(17) has used a compensated capacitance

dilatometer to extend measurements of Qii to 1700C. Up to 1500C his data is

in excellent agreement with this work. Apparently, however, his crystals were
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of higher resistivity and up to 1700C the weak negative temperature

coefficient is found to persist.

It would therefore appear certain now that the data of Beige and Schmidt

is in error and that as expected. Q11 is only a weak linear function of

temperature and is continuous through the Curie Point T0.

4.2.3.4 Electrostriotion in the Unialial Ferroelectric

z_0. 6 1 1i0.3 9Nb-2O 6. Strontium Barium Niobate (SBN) crystallizes in the

tetragonal tungsten bronze structure with 4/mm point symmetry in the

pazaelectric phase. The four-fold axis of the prototype is a unique non-polar

axis so that the ferroelectric species 4/mmm (1) D4F 4 mm in Shuvalov's

notation is uniaxial with only 2 available orientation states + along the 4

axis.

In earlier studies in MRL, Shrout(18) developed the complete L.G.D.

phenomenology for SBN. For the 4/mmm symmetry, the non-zero Qi, in matrix

form are Q1l 0 Q-2 Q12 = Q-21' Q13 = Q'3 Q31 = Q32 Q33- Q44 - Q55 and Q66

Q Q Q 0 0 0

Q12 Q11 Q13 0 0 0

Q31 Q31 Q3 3  0 0 0

0 0 0 Q44 0 0

0 0 0 0 Q44 0

0 0 0 0 0 Q66

Shrout determined Q33 both by measuring Ps and the strain X33, and by

measuring the piezoelectric constant d3 3 in the single domain state.

In the former,

z33 :8 Q3 3P32 gave Q33 
= 3.4 x 10- 2 4 /'
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and the latter

d3 3 = 2eog 33Q 33Ps gave Q3 3 - 3.0 x 10
-2 m 4/c2

in reasonable accord.

Above T., Shrout measured d3 3 and d31 in DC field biased crystals to

yield

Q33 - 1.65 x 10
- 2 n4 /c 2

and

Q31 W 0.45 x 10-2 24/c 2 .

At that time we could give no reasonable explanation for the discrepancy. In

fact, near to T c the measured data did not correspond to the expected form and

a method due to Nomura(19) was used to correct for an apparent non-zero

coupling k3 3 at zero bias.

In the present study C. Sundius measured Qll, aQ13 and Q3i using the

capacitance dilatometer to measure AC displacement due to the application of

AC field at temperatures above Tc . Sawyer and Tower method was used to

display the dielectric non-linearity and to determine the polarization value

corresponding to the measured strain.

Results are summarized in Figures 8 and 9. Clearly Q3 3 and Q31 are

markedly temperature dependent approaching zero at the Curie temperature Tc

770C. The constant Q1 1 l however, appears to be completely temperature

independent.

It is interesting to note that Q33 is changing quite markedly with

temperature even at 1800C more than 1000C above TcV and has still not attained

the expected value Q33 ~ 3.0 x 10-2 m4 /c 2 . Q3 1 appears to saturate much more

quickly and even at 1500C is close to the value measured by Shrout in his
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resonance experiments. A detailed account of this work has been liven in the

MS thesis of Carol Sundius 'Direct Measurement of the Temperature Dependence

of Electrostriction Coefficients in strontium barium niobate. The abstract

for this thesis is included in this report as Appendix 17.

We may note that in SBN the transition at 776C is slightly diffuse even

for the congruent melting 61:39 compositions, and some persistance of the

polar phase above T. is to be expected. For these bronzes, fluctuation

effects in P 3 should be particularly strong. It is also comforting to note

that for P1 induced effects, fluctuations should be very small, and in fact we

find Q1 1 temperature independent as expected. Additional work on low level

electrostriction is presented in Appendix 18, and on the direct measurements

in Appendix 19.

Evidently, all phenomena which depend on P4 should be anomalous near T0.

We hope to confirm these fluctuation effects by measurements of the thermal

expansion and of the optical birefringence just above Tc.

4.2.3.5 Practical Electrostrictors. Over the past year effort has been

concentrated upon the PLZT family of relaxor materials over the composition

range from 7:65:35 to 9.5:65:35 PLZT.

Detailed studies of the polarizing and depolarizing behavior in the hot

pressed transparent ceramics have been carried through to explore the nature

of the 'depoling transition' in the 8:65:35 composition and the manner in

which this is modified by change in the La2 03 content. This work was

presented at the European Meeting on Ferroelectricity and is included as

Appendix 20.

In summary, it is clear that large remanent electric polarizations can be

built up at low temperature across the whole composition range by cooling

under DC bias. For all compositions studied, depoling occurs at temperature
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well below the temperature of maximum dielectric permittivity and becomes

progressively more gradual with increasing L&.0 3 content. A model involving

the ordering of superparaselectric micro-regions ander field accounts well for

all observed behavior.

Elastic strains accompanying polarization increase but become more

hysteritic with decreasing lanthanum content. The 9.5:65:35 composition has

anhysteritic transverse strains almost double those in the Pb(Mgl/3'b /3 )03 :

PbTiO3 solid solutions at the 9 mole% PbTiO3 composition and should be of

interest for micropositioner applications. Additional work in this area is

reported in Appendices 21-23.

S. CONVENTIONAL PIEZOELECRIC CERAMICS

5.1 Introduction

Over the current contract year. work has been continued to explore the

property changes in pure and in doped PZT ceramics over the low temperature

range down to 4[1. The emphasis has been to explore the 'freeze out' of the

extrinsic domain wall and phase boundary contributions to dielectric,

piezoelectric and elastic properties. The approach makes use of the

thermodynamic phenomenology developed on earlier contract funds to calculate

the base of single domain intrinsic properties and the manner in which they

should vary with temperature and with zirconia:titania ratio.

Neutron diffraction and scattering experiments have been used to explore

the single cell:multi cell rhombohedral phase change in the PbZr 0.6Ti0.403

composition. The data suggest the pjssibility of a short range order in the

Zr:Ti distribution or possibly a precursor of the tetragonal phase which

becomes stable at morphotropy.
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In two short studies. a method of continuous poling for long PZT rods or

sheets has been explored, and a new technique for poling soft PZTs by cooling

through T€ under quite weak fields has been explored.

5.2 Low Temuerature Measurements

In studies initiated last year. it was observed that for a number of

differently doped PZTs ranging from hard acceptor doped compositions to very

soft donor doped formulations, the dielectric permittivity g33, the

piezoelectric d3 3 and d3 1 all appear to come to common values at 41. pure

PZTs. on the other hand, which have been chemically prepared with differing

Zr:Ti ratios do not come to common values, and the profile of the. intrinsic

behavior is reflected in the low temperature response.

A more extensive series of measurements on doped compositions has

confirmed fully the earlier study. Dielectric data for a wider range of

frequencies shows very marked differences in the loss spectra for the

different doping cations and we are in the process of sorting out the

activation energies and distribution functions for these loss spectra.

The low temperature permittivity level is in excellent agreement with the

value calculated from phenomenological theory using the Curie constant value

of 7.7 x 105 determined from thermal measurements. Extrapolating back to room

temperature, however, it is clear that even in the very hard PZT almost 30% of

the measured permittivity is extrinsic, and that in soft compositions the

extrinsic component is quite dominant, Appendix 24.

For d33 and d31, it is more difficult to decide a proper averaging in the

ceramic from the intrinsic single domain values. Both for d3 3 and d31 , the

calculated single domain values are larger than the observed values at 4K.

This could reflect a smaller contribution from d1 5 to a3 3 and a3 1 or the

influence of the degree of poling in these doped samples.
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Work is now in progress to extend measurements to higher field levels to

determine the temperature dependence of Ec the coercive field, and to explore

the kinetics of switching at these low temperatures. In parallel studies, we

are extending and refining the phenomenological theory so as to be able to

encompass the single cell:multi cell compositions towards the zirconia rich

end of the phase diagram.

5.3 Diffraction Studies

5.3.1 Neutron Diffraction of Pb(Zr.6Ii,4Q 3

Neutron diffraction and diffuse scattering experiments have been carried

out upon chemically prepared powders of Pb(Zz 0 . 6 Ti 0 . 4 )0 3. Analysis of the

pseudocubic 311 reflection indicates that the phase change from single to

mutli-cell forms is quite diffuse and takes place in the range from 2520 to

300*1. This is in reasonable extrapolation of the existirv phase diagram,

where the room temperature boundary is near the PbZr 0 .6 4 Tio. 3 6 03 composition.

The diffuse scattering both at 295K and at 221K shows an interesting

modulation consistent with a small shift of the oxygen ions in the octahedra

about the Ti 4 , with some evidence of a tendency towards ordering of the Zr

and Ti atoms.

Phenomenological calculations suggest that at the 60:40 composition. the

Gibbs Free Energies of tetragonal and rhombohedral forms are quite close so

that the possibility exists for local stabilization of nuclei of the

tetragonal phase, by local stress fields or chemical inhomogeneities.

This work is discussed in more detail in Appendix 25.

5.3.2 Hiuh Temwerature X-ray Studies

It has been suggested by Cakegawa ( 2 0 ) that x-ray line profile studies in

the cubic phase above the Curie point Tc may be used as a sensitive indicator

of the degree of homogeneity in the Zr:Ti ratio in a PZT. In fact, the
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broadening is a sensitive indicator of microstrain in the powder and it is

assumed that in the cubic structure above T. this microstrain is caused by

unmixing of the zirconium and titanium ions which are markedly different in

atomic size.

To see if the technique could be applied as a relatively simple

'screening test' for PZT powders, powder samples were prepared from six

different PZT transducer formulations supplied by the Navy Underwater Sound

Reference Division in Orlando, Florida. and compared to a chemically prepared

PZT powder made here in the Laboratory.

Measurements were made on a General Electric XRD6 using a specially

designed hot stage. Profiles were obtained for (100), (110), (111), and (200)

lines at 400 ± 0.50C using pure Si powder as an internal standard. A

correction was made for instrument broadening, but no attempt was made to make

the measurements absolute as only relative differences in broadening between

the different samples were of interest.

Initial data suggest that the technique does show up systematic

differences in homogeneity between samples from different sources.

Unexpectedly, the chemically prepared samples which had only been heat treated

to 6000C showed the largest broadening. Heat treatment of this sample to

1.1000C reduced the broadening markedly indicating that simple chemical co-

precipitation is not of itself a guarantee of atomic mixing. This latter is

in agreement with Kakegawa's work which indicates quite wide differences

between different chemical preparation methods.

At the present stage, it is too early to recommend the method for general

use, but it certainly merits additional study to attempt to correlate the

heterogeneity with other characteristics of the piezoelectrics.
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5.4 Polin Studies

5.4.1 Continuous Poling

A new technique has been developed for poling PZT fibers and ribbons

along their length, and is the subject of Navy Patent application. The method

gradually advances the sample past two flexible surface electrodes which are

kept at a DC potential difference. With electrodes on both sides of a ribbon.

thicknesses up to 1.4 ma have been poled in PZT 501A. Details of the method

are given in Appendix 26 which also discusses the applications for pro-poled

rods and ribbons in composite transducers.

5.4.2 Cuzrie Point Poling of PZT 501A

The inherently high resistivity of donar doped soft PZTs can be exploited

to enable poling at very low field levels by cooling through the Curie point

T. under DC bias. Fields between 5 and 8 kV/cm were found to give superior

properties to those obtained by conventional poling at 25 kV/cm in a 1406C oil

bath, when the field was applied above To and the sample cooled at

-10eC/ninute to a temperature well below T0 .

Permittivity $3 , d3 3 , and kp the planar coupling were all larger in the

Curie point poled samples. More details of this study are given in Appendix.

6. PREPARATIV STUDIES

6.1 Reaction Seauence in the Formation of Lead Zirconate:Lead Titanste

Studies showing the important influence of the PbO and ZrO2 raw materials

upon the reaction sequences which lead to the formation of the PbTiO3 :PbZrO3

solid solution have now been completed and published. The very marked

influence of the nature of the ZrO2 powder upon some of the intermediates in

the calcining reaction sequence have been clearly documented. Details of this

study are given in Appendix 28.
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6.2 Molten Salt Synthesis

6.2.1 Prevaration of Lead Metaniobate

The reaction of lead oxide and niobium oxide heated in molten [Cl or NaCl

has been shown to lead to partial substitution of the alkali ion to replace Pb

ions in PbNb2 0 6 . The incorporated alkali ions stabilize the tetragonal

tungsten bronze structure, but reduce the ferroelectric Curie temperature.

The reactivity of NaCl is greater than [Cl. and can lead to the formation of a

NaNbO 3 phase with some incorporated lead. This work is discussed in Appendix

29.

Recently studies have been extended to B20 3 fluxes. In this case, the

tetragonal structure is not obtained, and the equilibrium rhombohedral phase

is obtained as would be expected thermodynamically. Powders with highly

acicular geometry in the ferroelectric tetragonal form obtained from the [C1

flux are now being tested for incorporation in grain oriented ceramic:plastic

composites.

6.2.2 Grain Oriented PbBi2 ._209

The molten salt method has been used to synthesize platey crystallites of

the bismuth oxide layer structure ferroelectric PbBi 2Nb2O 9 which have a very

large shape anisotropy. Tape casting and simple uniaxial hot pressing have

been used to fabricate ceramics with orientations of better than 90% and

densities of 96% theoretical. Details of this work are given in Appendix 30.

6.3 Synthesis of PbTiO3 :BiFeO3 Solid Solutions

PbTiO 3 and BiFeO 3 are known to form complete solid solution and to

crystallize in the cubic perovskite structure. PbTiO 3 undergoes a phase

change to a tetragonal ferroelectric form at 4700C, and this ferroelectric

Curie temperature increases with increasing BiFeO 3 in the solid solution. For
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compositions in the region of 70 mole% BiFeO 3, a morphotropic phase boundary

occurs between a tetragonal and a rhombohedral ferroelectric form. There

appears to be a narrow region of co-existence but beyond 80 mole% BiFeO 3 only

the rhoabohedral phase is stable.

In the present study, powders of different compositions in the range 0.S

to 0.8 mole*% BiFeO3 have been fabricated from the mixed oxides. Comminution

to an average particle size of 5 pA was accomplished by a water quenchang of

the calcined cake. It appears that the very high tetragonal c/a ratio in the

ferroelectric form leads to spontaneous rupture as the agglomerated powder is

quenched through the Curie point.

Powders are now being incorporated Into suitable elastomer matrix phases

to form 0-3 connected piezoelectric composites.

6.4 Relaxor Ferroelectrics

In conjunction with the Dielectric Cencer Studies, the effects of some 14

modifier cations incorporated into lead magnesium niobate have been assessed.

Properties studied were the sintering characteristics, dielectric properties,

electrostrictive Q,2 and the diffuseness of the phase change at To. To

maintain the perovskite structure, dopant levels were less than 10 mole% of

the added oxide. In general, the maximum dielectric permittivity increased

linearity with increasing Curie temperature. Linearity of dielectric response

decreased with increasing permittivity. The electrostriction constant Q12

decreased with increasing diffuseness of transition, as measured by the

frequency dispersion.

A detailed account of this study is given in Appendix 31.
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6.5 Crystal Growth

6.5.1 Perovskite Halides

In connection with our program to measure electrostriction parameters of

simple cubic crystals, it was necessary to grow crystals of the fluoride

perovskites KMgF 3 , KqnF 3, IZnF 3 and KCaF 3. The technique chosen was the

Stockbarger method. Starting chemicals were high purity fluoride 17, MgF 2.

ZnF 2 . MnF 2 and CaF 2 . Stoichiometric proportions were reacted and pre-melted

in a conical closed graphite crucible. The crucible was used in the

Crystallox crystal growth system, and acted as the susceptor for I.F, heating.

Cooling from the bottom of the crucible was accomplished by lowering out of

the RF coil and thus uncoupling the susceptor, while rotating the crucible to

even out latteral gradients.

Lowering rates -3 mm/hour were found to be optimum. The best samples

produced so far have been for KMgF 3 where we have generated single crystal

boules in 1'' in diameter and over l'' long.

6.5.2 LBxQ

A major growth effort has been concerned with the attempt to grow single

crystal of lead barium niobate at compositions very close to the

Pb 0 .6Ba 0 .4,Nb 2 0 6 composition of the morphotropic phase boundary. The MPB in

this system is between a tetragonal 4 mm and on orthorhombic mm2 symmetry

ferroelectric phase, but unlike the perovskite PZT system, the two modes of

polarization are symmetry independent and the transition occurs because of an

accidental degeneracy between the two Curie temperatures which vary in

opposite manner with BaNb 2 06 addition to PbNb2 O6 .

The growth effort is shared with a Rockwell sponsored program which seeks

to use the bronze close to the MPB for device application. In compositions on

the tetragonal side, c11 increases as the composition comes closer to that of
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the bounding phase, leading to very high values of d1 5 and r5 1 the

piezoelectric and linear electro-optic effects. Since there are no

ferroelastic twins in the uniaxial ferroelectric tetragonal state, the

Pb0 .6Ba0 .4Nb2 06 offers a most interesting practical attention to BaTiO 3 for

four wave mizing and optical pahse conjugation.

In this program, the interest in the crystals is as a model system in

which an MPB can be formed in a single crystal host so that the very sensitive

optical methods can be employed to explore phase boundary motion, and the full

single domain tensor properties can be measured and compared to predictions

from phenomenlogical theory.

Progress to date is summarized in appendices 32 and 33.
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ABSTRACT

Piezoelectric PZT-polymer 1-3 and 1-3-0 composites were transverseiy

reinforced wich glass fibers to increase the hydroscacc piezoelectric

charge and voltage coelficients ( and for possible use in hydro-

phone applications. Modeling of these composites :heoretically predicted

large enhancements depending on the volume fractions of ?ZT rods, glass

fibers, and polymer porosity, and on the Poisson's ratio and compliance

oE the polymer =acrix. -xperimencally fabricated coposi:es also showed

significant improvements in these coelficients with similar t:ends as

theorecically predicted. These composites consisted of a foamed or non-

foamed polymer mat:ix with ?ST rods aligned parallel :o the pollng direc-

cion and glass fibers in :he t-io transverse directions. The addi:ion of

glass fibers greatly decreased the transverse piezoelectric charge

coefficient (a31) by carry-ing most of the lateral stresses, while a-so

reducing the adverse internal stresses that develop at the ?Z."-poly.mer

interface. The longi:udinal piezoelectric charge coefficient (d 33 ) 1.s

relatively unaffected, because the PZT rods carry most of the stress in

.ie poling direction. This decoupllng of the d31 and d 3 coefficients

enhances the hydroscatic piezoelectric charge coefficient (L a) Oue :o

:he small percentage of ?ZT required, these composites have densi:les

nenr that of water, and much lower dielec:ric constants :han solid ?-7,

resulting in large increases in the hydrostatic piezoelectric voi:age

coefficient (geBy increasing the d, and coe f inces :he

product, 48ed as the figure of meri:, i'5 greatly enhanced.
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ABSTUCT

Lead zir onate-citanace (?Zi) L, "."del7 used as a transducer

macerial because of its high piezoelectric coefficients. However, for

application in hydrophones, PZT is a poor material for several reasons.

The hydrostatic piazoelectric coeffirlent, '. d1 2d31 ), £5 ve.-

Low. The piezo*elctric vol.cage coeff-icients, g33 and gh' are Low

because of the high dielectric constant of MZT (1800). The acoust±

matching of PZT with -ater is poor because of its high densities

(7.9 g/cc). Moreover, it is a brittle, man-flaxible ceramic.

In the last decade, several investigators have tried to

fabr"cate composites of P= and polymers to overcome the above

problems of MZT. t has been shown chat is is possible to Improve

upon the piezoelect-:i properties of homogeneous PZ by :he composiae

approach. The concept that the connectivity of the individual phases

control the the resulting properties has been demonstrated in a number

of composites i-th different geomecr7 and different cotuecti'rtiy of :he

Individual phases. The piezoelectric properties of these composites

are much more superior, compared to single-phase ?ZT. However, some

of the earlier composi:es suffer from the disadvantages of dic-

La preparation or reduezion in hydroscac c sens4.:±';i:7 "ri:h -ncreasin3

pressure. Thus, there still axiscs a need to further inorove :he

piezoelecc:ri proper:.es of :hese composites. "speciA117, £: is



desirable to have the composites prepared without any problems in

processing and fabrication and also show high figures of merit for

hydrophone applications with little or no variation in static pressure

sensitivity under hydrostatic loading.

Tn the present work, based on the theory of connectivity ana

the earlier work on composites with different connectivities, new

composites with different connectivity patterns were fabricated, and

their performance was evaluated for hydrophone applications. Yost of

the work was concentrated on composites with 3-1 and 3-2 conneci 7izy.

These composites were prepared by drilling either circular or square

holes in prepoled PZT blocks, in a direction perpendicular to the

poled axis and by filling the drilled holes with Spurts epoxy. initial

theoretical modeling of the piezoelectric properties of these composites

had shown a significant reduction in dielectric constants and a large

enhancement in the piezoelectric d2 and coefficients. The above

model predicted large variations in both, the dielectric and piezo-

electric properties of composites on the geometry of composites (hole

size, width and thickness). The model also predicted higher figures

of merit for 3-2 composites.

Experimentally, the effects of several variables, such as

poling of the composites during different stages of sample preparation,

geometry and size of the composite and use of coupling agents, etc. on

dielectric and piezoelectric properties of 3-1 composites, were

investigated. On samples optimized for hydrophone performance, the

and coefficients of composites ware about 4 and 40 times greater

.-r 3-1 composites and 25 and 150 times greater for 3-2 composites :! .n

: iose of solid ?ZT, respectively. For 3-1 composites, :here 4as



Practically no variacon of Z wit.h pressure up to 8.4 MPa. t: che

case of 3-2 composites, there was a slight variation of r wi:h pressure.

Experimencally observed trends in the variation of dialec:ric and

piezoelec:ric properties of both 3-1 and 3-2 ccmposi:es were siI.lar

to chose predicted by the model, and, as predicted by the model,

3-2 composi:es showed higher piezoelec:ric figures of merit than 3-I

composites.

As part of the present work, a simple procedure, su±:able for

mass production was developed to prepare composi:es of ?ZT spheres wi:h

a polymer. In this method, PZT spheres of different size could be

prepared by grinding ?Z cubes for several hours. Later, the ?Z. spheres

were arranged in a monolayer and were covered with a sui.able polymer

to obtain c=osi:as with a 1-3 conne=cvit7 pattern. These comcs i:es

had lower densi.7 and dielectric constants tiua solid PZT, and the

values of d- and dh of these composi:s wer comparable with :he

corresponding values of ?ZT. 'di:h this =hod, it is possible to

prepare large areas of flexible composites with reproducibla propert±es.
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TV.AISVERSELY REINFORCED L-3 A.ND L-3-3 IEZOELECTRIC c os"-zs

.I.J. HAUN, P. !IOSES, T.R. GIURAJA, W.A. SCHL LZE .'D R.E.
TEWHAI, 1.aterials Research Laboratory, The ?ennsy'ivanla
State 'Universi:y, University ?ark, PA 16802

Abstract Piezoelectric ?Z--olvmer 1-3 and --3-0 comoosizes
were transverse!y reinforced with glass fibers : increase :he
hydrostatic piezoeleczri: :oefficients for possible -se
nydrophone applications. .ode'.n of these composites !heore-
tically showed that :he =hgh fiZure of meri: is a function of
the volume fractions of ?ZT rods, glass fibers, and noi!vmer
porosity, and of the ?oisson's ratio and compliance of :he
polymer matrix. -xperimental results showed significant
enhancements of the 7- figure of merit with the addition of
glass fibers. Comparisons of :he theoretical predictions and
the experimental results were made.

:.NTODUCT:ON

Lead zirconate ticanace (?ZT) ceramics have low hydrostatic
piezoelectric charge and voltage coefficients, dh and gh, respec-
tively. Even though the magni:udes of the d33 and d31..coefficlencs
are large, the hydrostatic coefficient dh - d33-2d 31 ) is low,
because the d33 and d3l are opposite in sign. The hydrostatic
coefficient g (- dh/' 3) is also small, because the permi -:tJ--
3 is high for ?Z-. dith the basic idea of decouoling the 33 and

d31 coefficiencs and lowering the permictivi:y, ?ZT-poL.-=er :omoo-
sites of different connecrivi'; patterns have been fabricaced with

remarkable imorovements in the dh and gh coefficientsi.
One type of connectivity pattern that has been parzizularl>

successful is the 1-3 composite with ?ZT rods aligned in :he poling
direction (x3) held together by a pol ,mer macrix. 7. e ?:f..
rods support most of an applied stress in the x3 ccrec::o., cue :o
the paralleI connection wizh the more como.liant :o.--er hase. 7-e
d3 3 zoefficienc of :he zcomosice would idealLv be equal :he 3-1
of Single-phase ?Z7. -n :he x1 and : :irecti:ns :ne :=--'si:e
:he ?Z- rods are :onnec:ed Ln series w :i :he oc-.er -:r
leads to a reducion of :he 131 coefficient zomarec : SC
?Z. Thus :he I. coeficient for a 1-3 :onrosiee SE

:he revLacemen: ?:7 vi:h 9ol.mer, :ne :erti;.. ... ;s
is greatly :educed, resuling in a signifiant> n

The ?oisson's rati of :he ioser is a -.. r:-n: s r -

eter in zesizninz- m : osi:es :zr hcrostatic act :a::ons.
?Pcsson'i s aio of :he zo>.er is lare. :he :o" - : er



hydroscacizally incompressib Ic, and adv-erse r. zerna. s cresses
develop at :ne zeramlc-po:,mer in: erface, wnizn :r:riuza e
d31 C0eff:zen:. ?orosi'7 :an be 4in::oduced inz :*-e Polymer pnase
:a decrease :ziese 4incarnal. stresses. 31ass :.zers a4ed L ,
x7i and x,7 directions of :he comDos::e a'-.so :acuce :-e Ln:arna.
stresses, vich :he additional benefi: of suppor:ing :ne :rarnsverse
stresses, decreasing "he d3 l cef;-Janc -ji:houc aoorec_4able red.,;c-
:ion of :he d3 3 coefficient "'he effecz or iass -fibers is :rans-
verse reinforcement in 1-3 and '--3-0 zomposi:es -was -4nvesci~aced.
The product of :he dt n zoefficiencs vas --sed as :he f:4gre :
meri:.

,he theoretical modeliig of izea:- 0 -l er rmc
sizes providces --he underscandc ng rec 'uired :or :he sel.ec:.onr o:n:e
proper:ies or :.he macerta.s used and :--e zonec:r-.:v. needed for
--he oc timizac ion of zhe des ired .r of r eri :a :-h.s sec:.zn.
che modeling of -3-3, 1-3-0, L-2-3, and 1220 eo~cr::nc
sices v1i be described :a demonscraca :he izorovemencs :.n ;r:er-
c.-.es :hia: are zheoreciza2Jlv possible :6-rzugn :he '.;se zfr :c=;osi:es
zompared :c sing.l-phase ?Z:Z

The fo-l-owing assumptions .. ere :nade:

1) The fibers are homogeneous, 1iea~reas: -z, rga1:ant
:.lIoseiv7 soaced in square arrays, anc perfec:::ien

2) T he_ nacrix*4s homogen~eous, and _Z4near-'y el.asc .
3) ?erfec: oondiag ex_4scs Jec-ween : :sciz';eaz: nases.
4.) Canscanr scress ex-4s:s across oara..e.'. :onnec:ions.
5) Constant strain exn4sts across series :onnec::4ons.
5) ?lanes of equal- scrain exisc- :hroughoc d'a4itndua. :Zr

no buck.lin3 of f14oers oczurs,. T~us :he fibers are suooor:ed oy
:6,e regi.ons or f4-ber *r:ss .ovez.

7) olymer porosi:v _4s represenced -.v an ectuivala.nc z.
vo lume.

The elasciz properties or :he ?Z'., po1l-rer and glass fiber
phases are aczounmed --or, alan% -dt:h :he 4icerr.aL szress reo
due :o r:be d--frnces in :he s13 z:oovolance zoefrfiziencs of :he
:nases. The add4:4o' of' oo1.=ee :cro)s:: ',as a-so been ac::'-ce
..or chrou h :~en .a.r f~ ea~: oper:4.as 0

poilymer ohase.
The d33 and 131 zoerf4ion:s -,ere iee-rined by modell- L*,.

stresses 4in :he :cl and x-,~~' n of --he :noiaseoara~_':*
:n each or :hese 'Wcin. ~ znos~ as v.e no
para.:.alI senmions : ,a:_ -ere e 3 .ng.e :nase 7a ser-_es :r.e:

:i.on or :oor =are .r.ases. 3V;i:~: :he zesle
of :'Ie M7na.sc~sv: a~ cce;., :ne sz:s;a~s

.. e ::-.a::ef:ar: rme:no.: ~-
..... ns ant: -.acer.a :o-ns:ar.:s :f :: e z:nsc;.:,en: :nase.



:RNVaEL11 RE: NFORcZ:) -3 A1: -3P.Z Z- .:C5 -

From : -.e moce., :he d'ecendencles r:n:e z,gh -nerl
weefound wvi:'. resoec: :o :n-e ?:O-,-e frac:izns :f ?Z: r-cs, g-ass

:.ners, ant oo'-,mer o)oro)Si.:,, and :h-e ?c-4sscn Is raciz an zz'o -an
of :hie polymer macrix. ?igure shows :hree iim=ens.zna- sL.r:a=zes 0

:he ThT fig3ure of meri: poto: ragaains: :he vo-,me r:a:- -

?ZT rods and glass fibers oran infoamed eroxv a.~ x an rofame-
poovurethane macrix, and a :wencv perzen: :o:amec :c-yurec.nanema:r x,
resoeczivellv. Thie foi1-owing general. )bser*:a:i::ns -were made:

:) he addition of glass :ooers :oall. :hree :oo,,7e:r ma:rioes
significanc!7 impDroves :ne -hh:gre mr:

)Even :hougn, :he zcmpno-4ance ' or ormae s
:wo orders of magnt::de grea:er :,an. :na: Dof epox-!, ::w fig-.re
meri: are seen when no glass fibers are o:reser.:. 7hts is :,ue z
:he high ?oisson's raria-; of o:reanwn-4zon oream-es 'arge
adverse inceria szzesses a: :"e ?z--oi,-,er incrrace :na: zonmrt-
buce cc :he 7a31 oe:fizienc.

(a) Wnoomed Epoxy Matrix

Max d,91, - 1110xO i'a /N

PZT 10I:8Z Glass - 10.2Z

0/ T all5 la.~PT .s

z%0( :h 00esora ~:ae 0 :'r
OP Ie.a ~cor.: n o%

roc and 0.s :: 0 0,



3) T11he addition of glass fi.bers and/or polrmer oor--si:-v
lowers the Poisson's ratio of :he pol~rer, reducing zhe :aer-al
stresses, and thus "acreasi4ng --he figure or mert-:.

4) W~1~increasing zompliance of :he :ol:=er mactz (epoxv <
polyruretbane < foamed olyurechane,, th maximum Th~ ±Ijure or
merit increases, and sh-4:ts to smllr olme frac:icns of ?Z- rods
and glass fibers.

5) As the volume :r-ac:ion of glass f ibers approaches :he =ax--
mum of 0.4 (tcie .4-bers are :ouchin-g), :he dhg'h figure of meri:
decreases, because :he glass fi4bers signficanc!y reduce :he scress
on the ?ZT rods i :he x~3 ztirec:4:on.

L"Ut""ITA. ?PR0Cfl.U!1

Tabrication of ?ZT-pol'rmer :ompost:as wr:h . and .- 3-0 zon-
necivtyhas been reported ear!-er3,'. ?: ods were alignied par-

allel to each other using a brass rack, and suspended Over -. 4'
:an..scar :ids. .-,e li4ds -were wt -: spurrs epox:7 and ur~
Te evori ser:ed as a base to '-old :he ?Z: rods -4n pl.ace, so : na:
:he brass :acks zould be removed. :or :he transverse :eia:rzmen:,
Z-slass ::obers were aiigmed and supported by an epox-7 base as --es-
--riced above. :wo glass ziber arrays were iatermosed "-n :.ze :c aria
x, directions :hrough :he ?Z7 array. :he arrangements prolft-' -

.basic sc~accure ora :ransverse.6v reinforced 1-3 or a -2-3 :ompc-
si -t . 7The ?Z-.lass fibOer scruczures were placed -4n a zonza~ner
and vacuum invresnazad 4-1 ei:her sourrs anoxv, Devcon oo;'i.recnane,
or a foamed Devcon polyurethane matrix. Akfzer zur~ng -- e onc M:
samples were rutc :a a :hirckness of .5 mm along :he xi iirc~zn
:o prevent the penetration o: Oil, :he foamed ;oly7urt chane ronoc-
sires were orovided wi:h a :h .n -'aver Or szurrs ecoxv : n :-e :c-

and X7 directions. Zlac:rodes in zhe x3 d"-rect4ion were oo:rcb
sivrepox.l

7he samples were poled 4-1 a '0 0-4l oath wi a fzield of
k.v/zm applied for fi4ve minutes. uf:ar >hours, the *aoaci:anca
and dissipacion :actor were measured ac k,-.z -under ammospherti:
3ressure, and also under h-ldroscaziz pressure ror.s i

;ations at 'higher oressures. The avdroscacr'z oiazoelec:rtz Zoef:-
a~nt, ah, *as measurea in a sea..a o:--il. ramber ov appL.,ing

pressure at r:he rate of 0. 3 :Taisac 30 ps-sec',. :he :-narge
released by r-he sampLe was .ieasured *;4:n" an elcromecar an: ot
:ad as a -:u-nc:ion of pressure onr an :c-v :ecordrr -1.e Z:MnoCSI:as
'were pressura-cyc-ea at -aasc :_ le :iMes wi: n :ne zarzulacad .
.ralacs :aken crnm : :vrc

.RESULt: AZM~:css:
Modeling offl- and L--- :nocs::es sh cwec ---a: :-a a ---

:-4on of glass fiesas transverse razorn':: na* inz
L-3-0 zomsires snhour oov :e :hr Ma -r::
:antly. Camosi:as -r :nIesa :77es I av7e Iocen fao.rciza--e: ::nc

ere:?77 =oas and va r~ous -,o1.;e :--:rn gass .zars azn::
oovnrnart::es. Lg-e1 ws :n-a a er~mnr:a. :a..: ne



TRANSVERSELY RE:NFORCED _-3 AM :-3-0 ... ZOELCT.R:C ......

ahgh figure of merit for measurements made a: 0.6 !a (100 psi) of
epoxy, polyurethane, and encapsulated :en percent foamed polvure-
thane matrix composices as a funczion of :he glass fiber percentage.
Theoretical predictions are also shown on Figures Z(a) and 2(c).

Figure 2(a) shows that for epoxy zomposites, over a range of
glass fiber percentages, zhe figure of merit increased from 2000 to
nearly 3500, and then with greater perzen:ages decreased :o less
than 1000. The differences n theoretical predictions and experi-
mental resul:s are probably due :o :he :::culzies involved in
fabricating :hese zomposites and :he :heoretizal assumptions of
equal strain across oarallel :onneczions and perfec: bonding.

Figure 2b) shows that for .oLurethane :om-osi:as almost an
order of magni:ude enhancement oczrs from :.e addition of glass
fibers. 'lost of this increase is orobablv due :o :he glass fibers
reducing the internal stresses through the combined ef:eccs of the
reduction of :he polymer Poisson's ratio and :he anisocropic
stiffening of the polymer. A large difference exists between :he

(a) SpgR EMp'y (bo) OC PnLYUJRERANE
10000 ____________ too

00
7 7u

C.5000 LI 0 a

0 5 10 i5 20 0 5 .0
Z Class Z Class

(c) ENCAPSULATE F0AME

200000 CVCN OLYURETHANE

- 1!0000 al

Figure Z. The dhg figure o:
50000 merit olo:Cec 7ersus :-.e

percentage -- --'s

.fibers tor Z':e rezen-
? Z rod zcmposi:es

5 1 2c eren: ocj -:.er
Glass na~rlces.



:zeorec:4za. and aer4izena.. :esul:s vi:' :*-e add-:.o4n )f glass
fibers. T'heorecicallJ. :e w ould 4-crease :fron around -'00 at
zero percenc ?7-- :o greater than :00,1100 with only a small ad.::4on
of glass f.64bers. A gai= zhu4s diffarance z s due zo the exoperi Mencal
processinag d"44cu.:±es and :he :heoreriz: assumocions. ?oa 7 ,;r e-
than is Very zompl.an:, causiag ?Z7 rods :o break and :he Zonaing
:o be weak. For these reasons, :he d:4::efrences are :arger :han for
the sr-i4ff:er eoox*7 zooosizes.

Figure Z7(z)' sh~ow* :ha for encavsu-aced :en oercenc fcamed 'po-7
urechane zo~oost.:s a veysin::a.:.crease in :he .igure of
=eriz Occurs with rhe add.ioi n :r glass -."bers. .-e :neorac:zaa
predi::tian 4s yien7 good when aro glass f.ers are present, o:u: an
:ver-4sc:. acian deve-Ioos when the 3lass fi oers are addec. Zu ri
:ne fabrizaclzn 3f :"e Ro-lyurechane nacri.x zcoOSI:es, :he glass
"bors :oncrtbutad to a larger braaiuge )f ?-- rods :.;-ar when. :e
glass fibers -were ao: -inc-lued. -,his along wt:h :t.e pevtousv'
described reasons probably account for :ne it:::erences 4n:neare-
:±:al orediori4ons anc expermena. :esu..:s. The --4-faces are
=uch :ass fo'r :hase Zomposizes :-omrared :o --he 4nfoamed o.r-
:hane zomuosizes -zrobablv due to :he ecox; encaosu-a:ion u.sed,
which ma s'" ave :aused an addi4:4-naI :rarnsverse :einforoemen:.

I) Hodeli.ng o)f 1-2-3 and 12-3-0 :cmpos--:es '-as '-e~pea - -

.ndersrandin-g and design o)f 4inoroved hydrophone d-ev: Izes.
2 he h fr:4gure orf mer4: *4as shown :'neorc:za--- :o '-, a

ffunc--ion o,; :he volume -rac:-4.ons oF ? rods, glass fib4.'ers and
polymer porosir'r, and of :he ?oisson's :acio and zorm.'-amce :- :he
polymer.

3) The assumption of! :onscanr scrain- acro:ss ;ara:a .... a:nnec-
:i-ons and oerfec: bonding b:e:~ween :moe :onsc4-:-,enc I nasa a noog -,,:
.he -rocessing dl::f urf e 'save :aused o :-er:ao~
:, be greater :han :;,e ex~ermienca. :esu.:s, alzh'cugn si=.lar ::enc-s
-were show~n.

.47ransverse =aino4orzemenz or ecxvy zomoos4:es on...
imv roved :he m ~eo er'-:.

5) :ransverse :el.azorzaemn of po0 ruret-ane and ncas-a
Zoaned oolvurechane :omoos4:es sigmnifloan:..: inoove .he

5)Encavsu.lacion orf :oamed poo',recroane :onpcs-4:es uc
-'eqradacion and orobab>v adds :ransverse -'----ee:

R. -.A. NZl.:ker, 3oe'.A. I. 3ges s,.z '.av

i3f:: :-2s,8 ;.
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PERFORATED PZT-POLYMER COMPOSITES FOR
PIEZOELECTRIC TRANSDUCER APPLICATIONS

A. SAFARI, R. E. NEWNHAM. L. E. CROSS" and W. A. SCHULZE

Materialz Research Laboratory. The Pennsylvania State University. University Park.
Pennsylvania 16802. USA

(R#cafvd Apni J. 1981)

Compousit o( PZT and potymr with 3-i and 3-2 connecawity paints have been fabcated by diling hot= in sn-
ared ?PT blocks and rliing the hoies w"t exy. The influem e ol hoal sau and volume frac ion P= on the nydro-
si1 properies od the compoaie wets evaluated. By decoUpiing the pboedectnc dis and di coafficterns in the compo-
Sio he hydto s a c coeimrna ar wly enhanced. On saipnls opumiUd for hydrophoase eormance. the
diletnc constams o( 3-I and 3-2 composites am 60 and 300 rmpectvedy. The pienatoanc coeliamsu ,i,. 1&. and
h! foe 3-1 composia ae 230 (pC-1'). J,6 x 10" VmW'). and 7M (1Q"' inS') respectely. and ibe corrspuading
vatem ffor 3-2 €ompeut-- am 172 (pCN"). 123 ( r VMN"), and 400 (10"' m').

1. INTRODUCTION composites and on simple series and parallel
models., it is clear that the difference in the elastic

In repent years several types of PZT-polymer compliances of the PZT and epoxy has a favor.
composites have been fabricated to improve the able influence on piezoelectric properties by alter-
piezoelectric properties of poled PZT (lead zirco- ing the stress pattern inside the composites.
nate titanaze) ceramics. Different types of macro- Rittenmyer ei 1.' have fabricated 3-3 compo-
symmetry and interphase connectivity were ui- sites of PZT and polymer (poiymethvi metha,.y-
lized in the design of the PZT-podymr composites late) with P2T powder in an organic binder and

* listed in Table I.t' Here connectivity 1-3 means firing the mixture to give a ceramic skeleton.
that the PZT phase is self-connected in one direc- Alter cooling, the ceramic skeletons were back-
lion, and the polymer phase is self-connected in filled with polymer (Burps composites). As shown
all three directions. In all composites, the dielec- in Table 1. these composites have better piezoetec-
tric constant Kj of solid P2T is lowered by the tric and mechanical properties compared to 1-3
introduction of a polymer phase. and in all cases composites of P= rods with epoxy. In addition.
the hydrostatic piezoelectric charge coefficient d, the Burps composites are much easier to prepare.
is also enhanced. The hydrostatic piezoelectric The present study focuses on composites with
voltage coefficient j, and the dj product used as 3-1 and 3-2 connectivity patterns, in which the
a figure of merit for hydrophone application are PZT phase is self-connected in three dimensions
therefore considerably enhanced in all (he compo- and the polymer phase is seff-onnecte in e:ther
site designs. one or two dimensions. Samples were prepared by

Klicker et al.' have fabricated 1-3 composites of drilling holes in sintered PZT blocks either in one
PZT rods embedded in an epoxy matrx. As direction (3-I connectivity) or in two lirections
shown in Table 1. these composites have better (3-2 connectivity) and backfilling :he perforateO
piezoelectric properties than solid PZT. The hy- PZT blocks with a suitable poiymer. Ennance-
drostatic coefficients di and j. are a function of" ment of d was anticipated in these composites :e-
the dimension of PZT rods. the spacing between cause of the modified stress distribution wittin
the PZT rods, and the thickness of the composite. the composite.
Based on the previous work with P=-polymer

2 SAMPLE PREPARATION

* AlaI afilated with the Departmaen i" fEecincal Engineer- PZT-polymer composites were prepared 6y riil-
ng. ing holes in jintcred ?ZT iocks and :iling :nt

[331I/19"
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TABLE I

PIt.inteter Pei.rie o( ?P.(VMgr Cir"mos

,j., ;. (PCI"-) 1a (10' VmN-4) !.Zb (10' ' Reeec

FTT 16M 10 4 00 Prelm wars
in pna~ a" ale, a

Matn (0.3 cooatecanity) lOG 21 32 900
P=T ne~iitiin in a saican. rmbert

mmIA (36.3 coaivity) 50 35.1 so 2200 2
PZT rods in an epoxy mtix.

:IJCMM~n)100 77.(j 40.4 3133 S

(1-3 com"Mint 1 13 116.2 Z39 42100
larps coupouge (viliiy, num:

(3.3 Conuueawia 500 120 V32M0 I
Bunns campoum (ifinom rubber

"Onx (3.3 Connectviy) 3010 210 1O 25M0 3

pierforated block with a polymer. To prepare the at 706C for eight hours. Finally. the composites
caramic. 95 wt% of PZT 50 [At was mixed with 5 were polished on silicon carbide paper to expose
wt% of 1.5% PVA soluuion. After mixing and dryl- the ?ZT and to ensure that the faces of the disk
ing the powder. square pilees measuring 2 cm on were smooth and parallel. Electrodes of air-dried
edge and 4 to 3 mm thick. were pressed at :13.000 silver paste -mere applied and the composites were
psi (140 N4Pa). The *eIcea were: placed on a plati- aged for at least 24 hours prior to any measure-
nues sheet and the binder was burned out at 530*C meng. Some of the 3.-1 and 3-2 composites Lre
for one hour. Sintering was carried out in a sealed shown in Figure 1.
alumina crucible ung a silicon carbide resistance
furnace at a heating rate of ' O0C per hour. with
a soak period of one hour at 12W.1C. A PbO-irich 3. MEASUREMENTS
atmoslphere was maintained with sacrificial ce-
ramic pellets of composition 97 mole% PZT and 3 The dielectric constants and loss factors of ail :fle
mole% PbO inside the crucile.' After firing, the samples were measured at a frequency of I K24z
samples were polished and cut into smaller pieces using an automated capacitance 6ridge. I The pie-
of various dimensions. Air-dried silver paste cc- zoelectric coefficient 31, along the poling direction
trades: were applied to the piellets. Poling was was measured usins a d, meter. + -,he hydro-
done in a stirred oil bath at 140C at a field of 25 static piezoelectric Ai was measured !)v a pseudo-
KV/cm for three minutes. After poling, three or static method.' Samples were immerse d in an oil-
four holes wer% drilled perpendicular to the poling Filed cylinder. and pressure was applied at a rate
direction using an ultrasonic cutter.§ Samples of 3.3 MP3/iec The resulting -harge *as :al-
were prepared with different hole sizes and hole lected with a Keithley electrometer:.: operated n
selparation X (Figure Sal. The drilled samples were a feedback charge integration mode. The. piezo-
then placed in a small plastic cube and a commer- electric voltage coefficietseriu , = d/o ,and
cmal polymer (vinylcyclohexene dioxide-epox il) j.% = dii/a 0A', woere calculated from the measurec
was poured into the tube. The epoxy was cured values of d,,. d4, and ki3 .

IUlamorn10141C POwdem. IMc.. SOUua P1anield. NJ PTT 501A). I Hilwict PCxard 'Modet 42-0A I ucomatied C~icic:tzric:
:Mae'ials (r 2-lecranim Inc.. jamnalca. .1Y. emneron 3nage. Hoetner Pcxara. -59-1 Yovolu. 7okeo .aoan 5:

:W0. " Serfincourt Modet 333) J,, -neter. Z3,annua 'i'Ouc:.
lS~aefftwt Ultrasonic Macrin. 7acit. Oavtan OM. Inc.. 167"2 Part Crie Or %e. CZarin FI111. 3H. "0l20.
I Sourt low 'scosav eflodianq li.02:. '40 . 5 1.3. h3iv- : ciit .Mooe. 616t ztaaiecjrame. <ecjngri -

taience Inc.. iWamnnon. Pik. AS976. itrummnts. Inc.. C:tveiana. OH.
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10 11 -12 13 14 IS 16 17

FIGURE 1.

4. RESULTS AND DISCUSSION value measurements at different places on the
electroded surface of the composites. The incas-

Unless otherwise stated. the results refer to com- ured values of d13 in the regions over the holes
posites with 3-1 connectivity. The dielectric con- were about 10% lower than the 21, values in solid
stants for 3-1 composites are plotted in Figures 2 regions (Figure 8a). It is significant that the di val-
and 3 as a function of X (the center-to-center dis- ues tar most of the composites exceed 300 pC/N.
tance for adjacent holes) for two different hole which is Close to the d, coeticients of solid PZT
sizes. The dielectric constant increases linearly (400 pC/N). It is found that in all composites d1,
with X as lower values of . but reaches a satura- decreases slightly with thickness. Also, composites
tion value for higher values. Composites with with smaller hole sizes had larger d,3 coefficients
smaller thicknesses have lower dielectric con- than composites with larger hole sizes. In all 3-2
stants. Also, it is observed that for the same 0/: composites the measured d,, values were also
(diameter to thickness ratioi, composites with higher than 300 pC/N (Table 1).
smaller diameter holes have higher dielectric con- In Figure 5 the hydrostatic piezoelectric coeffl-
stants than composites with larger holes (see Fg- cient (dk) of 3-1 composites is plotted as a func-
ures 2 and 3). Dielectric constants of 3-2 compo- tion of X tot different thicknesses. A broad max-
sites were much lower than the 3-1 composites for imum is observed for X values between 4 and
samples with identical hole sizes (Table 11). Calcu- 4.5 mm tot composites containingt 6017% to '"0%1
lated values of dielectric constants are also plotted PZT by volume. Figure 6 shows I plotted as .d

in Figureb 2 andj t ot comparison. (unction of thickness for computites with different
The values of 4), were used .as a measure of the rY. Again it is found that 3, increascz, *ith tnick-

degree of poling. Measured values of d,3 for 3-1 ness. up to certain thickness. and then dcreases.
composites3 are plotted as a functzion of X in Fig- Figure 7 shows the effect of poling an the values
ure 4. It is observed that 311 increases linearly with of dt,. when poling is carried out at several differ-
.r at lower values of X. but approaches a satura- crt stages in the process.
tion value at higher values of e. Each of the data
points represents the average of at least twelve I. Poling PZT block before drtlling the holes.
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TABLE 11

(uiti (MSal (mail X j (PCN") (10-" VMN-'" ) (PC'Nr) (t0", VinN") (10"'j .mlwI)

Performa PZT/Fioy
(31 coeawmn,€M 3.2 6 4.25 310 340 47 210 29 6000

Performed PZT/.par/
(3.1 camectivity 3.2 6 4.25 760 350 52 230 34 ,300

Perfo med PZT/.poay
(3-i coaoiwaviy 3.2 5.5 4.23 740 330 s0 200 30 600

Perforued PZT/epoxy
(3-1 cos.tvrityi 3.2 44 4.2 610 320 53 190 31 5900

Performed PZT/eIgay
(3-1 connczavni 4.2 6.8 4.75 470 290 70 190 46 $600

PWrometd PZT/epozy
(3-i 4coanealvity 1 4.2 64 4.75 450 290 ?3 222 56 12300

Pefommd PZr/epo-y
(3- comiuavily) 4.2 6 4.75 425 2M0 74 170 45 7600

Performed PZT/epozy
(3..1 clanlvity 4.2 5. • 4.75 410 275 76 120 33 3950

Perforad PZT/epozy
(3-Z comaivty 3.2 6.7 44 360 29 90 23S ?4 76011

Performed PZT/epoxy
(3-2 cou. awutp 3.2 6.2 4.5 330 290 99 294 100 2b

Perforated PZT/p oxy
(3-2 conne-tivity 3.2 6 4.5 320 300 105 322 13 36300

Perforamed PZT/epuzy
(34-2 ¢ofehiwwyt 3.2 5.8 4. 290 290 114 329 121 A--a

Perforaed hodow, PZT
settled with p uymer
(3-2 conneity) 3.2 6.2 4.5 340 34 112 372 123 45700

2. Poling the perforated PZT before filling it is a critical thickness for which 1. becomes a max-
with epoxy. imum (Table 11).

3. Poling after embedding the perforated PZT Piezoelectric voltage coefficients i3 and 1h are

block with epoxy. also substantially larger than those of solid PZT.
As shown in Table I. the piezoelectric voltage

From thee experiments it was concluded that to coefficients ji3 and the hydrostatic voltage ;oetfi-

get higher values of d it is necessary to prepole cients , are very large for 3-2 composites. The
the PZT blocks before drilling. dj , product used as a figure of merit for hydro-

It should be emphasized that ror all composites, static applications is more than 200 times the cor-
the dA coefficients are at least twice that of solid responding value for solid PZT.

PZT (S0 pC/Ni. Hydrostatic coefficients for the
3-2 composites are much larger than those of 3-1
composites. An even higher value of d3, was ob-
served when measurements were made on perfo- 5. THEORETICAL MODEL
rated blocks of PZT in which the open sides were

enclosd with a thin polymer shee, thereoy keep- The physical properties of 3-1 Cvmposates can te

ing the inside region completely empty. When approximated with the model :ilubrated n, Fig.

measured in this way a d, value of nine times ure S. For simplicity. cons,.ier a 44tuare ot !engrn !

greater than that of solid PZT was observed whose area is eaual to (hat it a ;i:rc:e vith radius

(Table If). r. Then I = rivt.

Some typical values of K,,. d1. and d, are given We can visualize the 3-I composite as made up

in Table II. It is important to note that d, depends of two parts A and 3 connected in paruikll as
markedly on the thickness of the PZT region shown in Figure 3b. Part R i, composed of t'%o

above and below the holes (see Figure 3a). There phases connected in ,eries. PZT and poi,,mer. T1



Z2/3361 A. SAFARI *t St.

H e SIZE 2.4 im (O/" - 0.5)

400 H OL SIZE 3.Z nm (0/t - a.7)

S HOLE SIZE 4.2 (0/t a 0.7)

/A330

300

150

-- *

ISO

2 3 4 5 S

FIGURE 4.

250
40ILE SIZE 3.2 i

220

190

'=

FIGURE 5.

l-l
Il'. .. ... .. . ... . . . . .. .. . - A2. ..T,- . . . . - '' - - l rll ii i ll " : ". ...a' . ..



PERFORATED PZT POLYMER COMPOSITES (3371/203

.OL HLE SIZE 3.2.

A X- 4.25 nu
a X • 3.75 1.

220 - X~ 3.Z2Su

.
90 150

~.~ 160

130

100r, I

4 S 6 7 8

THIC)IMESS (m)

FIGURE 6.

250 -THICXINES 4.5 m

HOLE SIZE 3.2 m

A POLED ACCORDING TO STEP 1

220 - I POLED ACCORDING TO STEP 2

0 POLED ACCORDING TO STEP 3

S 190 A A

Al ~hA

"4~i 160

130 4

100-lc D I

3 4

FIGURE



ZlidV3l !  A. SAFARI et ad.

PZT

1.

an.
an

FIGURE 8.."SL

A
cot

following quantities can be defined with respect to of the polymer. and ski, ii the dielectric constantha
the dimensions of the composites. of pant B. Since part A and part B are in parallel

AV (volume fraction of PZT of part A) -(Li - connection.

..L.. = A Ax, + 8v

'V (volume rraction of part 13) - 'iL Bemause PZT and polymer in part 3 are in series
'OV(voluame fraction of PZT in part 3) = (L., - connection we can apply series mnodel:

1)/L
(volu~ime fraction of polymer in part B) = "~zlyA,

IlLUsing these relations we can calculate 9)] Of COMn-
where L, and Ls are lengh and thickness of comn- Ote.Sn A,=160nd:K 5moto I
posite and nv is the number of holes. the contribution to Ki, comes from part A. which

is PZT. Calculated values ire plotted in F ures Z
and 3. In jeneral. the measured dielectric con-

5.1 Diciecinc Constant stants are somewhat higher than the predicted
values. This may be due :o the aooroximaclans

The component of tne dielectric constant of inter- involved in the above calculations. 7he :ontribu-
esf ls K,. since the electrode surfaces are perpendicu- ion t0 he dielectric constant adFrom Part 3nayt e
lar to he poling direction. In the notation asd much Sihet (han that assumed 'aove iecause
here, ki is the dielectric constant of the compo- :he bending of the flux ines arouni tMe noies zon-
site. AK ue dielectric constant of 'ZT. 'Kii that tamning the polymer.

Wrl~ ~ ~ ~ ~ ~~~~7 77n7hserltos ,e¢ncaclt 33o o
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5.2 Pfezoelecric Coefficients studied PZT polymer composites with different
types of connectivity patterns. For 3-2 compost e

The longitudinal coefficient 31 relates the polani- tye f .an d x ,t h aes ar .3 c otes

zation component P, to stres component a by C . . I. and du values are 300. 370 X 10"

th~ . d, rlatin: tres coponnt by C/N. 123 X 10-' Vm/N and 45.000OX 10" mg/INthe following relation: P, - disa,. As stated ear- respectively.
lier, the d3 values of 3-1 composites are slightly
smaller than that of solid PZ7. In a composite
most of the stresses are borne by the ceramic, and
if the stress transfer to the vertical columns (sec- ACXNOWLEDGEMENT

tion A. Figure 8b) is complete, the d, of the corn- This work was ,ponsored by the Office o4 Naval Resaarcn
posite should be equal to the value of d, for PZT. through Contract No. NOOO14-73-C-0291. We also wish to
But because of the curved shapes around the per- thank Mr. Arvind Halivat and our )ther coiieaques at ,he
forations, the stres distribution in the composite Materials Research Laaboratory
is not as simple as the model predicts. Horizontal
components of stress are produced which lower
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PIEZOELECTIC 3-3 COMPOSITES

KC. RITENMYER. T. SHROUT. W. A. SCHULZE and R. E. NEWNHAM

Waurats Researcjh Laborazor. Th1e Pennivivania Siaze U~nversri .
tversitY Park. Pennsj'/unta 168OZ. US.4

(Pfeeu~d Febnwirs 4. !"1)3

Noioiecins ..umauawir wd PT Ants pudynters -em pritrU 'r o naiang iiny piaa4ic inerm *itn PZT -)c-ssr :n an
*pr os; hindiff 4au firnq la ira.turv (u lpaw a .arunAC ialoln. Adlr Vriasinl. noi ocletin was anc-Iiie .lh ""y
morr .And rusted. Diiaeorimc Andi powixagckinc properai .worr moisueu on %.amrnka r~anin iror 30 ito ' %4asni

?ZT. aA "moo~pmifd s..mft Artmanqiuilar axetctoon mnoui iuc 3-3 unu.a C-1mrpixuis oaiamng 50% PT- 'O-
mls-64tmw Mwee aOpesr mpormaiy u.WUits lot iiYdrooiftoml jsOK2tudi W't~h 'Afta pirwdaz 4hrd (~IMMe iaii rger lma~
P=T.

iNTRODUCTION is commonly referred to as the 3URPS process.
an acronym for burned-out plastic spheres. Sinc:

In a 3-3 composite.' each of the constituent the process involves the generation and emission
phases is continuously sci-connected in three dii- of gaseous hydrocarbons. the nme BURPS is
rnensions to give two interlocking skeletons in in- higuily appropriate. The composites prepared by
;imate contact with one anothler. This typer of Shrout' contained a PZT1/polymer volume ratio
itructure is exhibited by certain polymer fom. of 30/70. In this study, we re-ort the clocctrome-

tsome phas --,epa ra ted metals and glasses. by chaniczi properties of 3-3 composites3 having a
:h1ree-dimensional weaves. and' by natural sub- wide rangc tit PZT/polymer ratios, and compare
42ancas such as wood and coral. the piezoelectric the results with other piezoelectric materials. in-
and pyroceecttc properties otf 3-3 composites htave cluding some reccent Japanese woric on idmiar
kenm investigated recetly with woine rather re- composites. A three-dimensional sxcieton mosae:
riaritabic results. For certain cuefflicients. dra- is proposed to extplain the rezuits.
-natic improvements can 6a made over the best
,in&~-phasa piezoselec::rics.

Piezoelectric ca-rarnic-poiymer composites with EXPERIMENTAL PROCEDURE
3-3 connectivity were first made by Skinner. using
,I lost-wax method with coral 3s a startirs Samople rep~aration
M2Iiaari. Among the advantages of these cainoos- Th33 mpse ermaermc mrcal
at are high hydrostatic ,,ensitivity. low dielectric available PZ .T powder, mixed ;n a nail mill withi
:arnsant. low density Ifor improved. acousitc imn- wvnty enc-ae Ipedancti matching with water. highn compliance to tiny~ spheres of ovehiretarit:PM
iruvide damping. and the mecnanicai tlexibility in~0 ni)/.1l,'. andIM "W/05 01c ,?/M0 -;0/50
micded toa deveiop connormabit (ransatic.rs'. 0/.at 01.7i I
ibrU410 has JtMcrbed a ,imoiar method Cor -aort- r3ng*.:d tram SO0 Io) 1.4 microns in lia~nier. anu
:atin a diree-dimensionaily interconnected .,ed t neo P'ZT parictes were idout 1--; micruns M011

arneter. rnur to emviit wih ecrt) o%.n,ircoinate-ttanate iPZ1 )and :)Oivmcr comooilte &C~l *tt lO%.f'
imn properties siimilar to the zorai-oased ;~omos- acha'a OeJatemxuca Oun
ic0. the aimpiliied Precaration metnod n gnt n ui ici.iaeerpmet rcss
-nixting plastic spheres and ?Z7 plowciler in in cor-
~artic inmder When carefully ,4ntercd. a porous mu. Z5fiA 'mr ..

- Z )tcicton it aormed. and later back-ilileco wicri "A 3 S. \, Sija 14 -
,iui' mer :a ;torm, a 3-3 zomoosite. 7-its :ec-nmcue "'m~csc.. Njtrrino -I
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FIGURE I Socatic: jr~sv o( 3.3 covpua piloittU as a !unction nt %:oAume rciivn ?Z7 ti flC zirliiix -mtT
Cjmathoi ilet \,nth cwxy aUt denoted "~ soid c:vles.huc .,th Niiocurw iOe ruor:v . icl c:rcic3. ftce va.ned me:,
11M. IdmA (jeltiml Coputed Imm a titami Votunt pe~t~ ~

at 10.000 psi. The pellets were htied ovcr a 43- tIng to avoid includitig tile &1.er in :he mc:%uw;;
hour period to 450C in order to volatilize the ment. In Figure 1. (fie tuniurcdi densitics are pw.
PNIM% spheres: a slow heating rate is necessary to ted as a function 4( the nitinnat vniurre percnii
prevent exc~ivsivC cracking, The samples were t hell PZT. Ilie relationship is essentialy linear tor t ieih
placed on a plainumn slies in high purity alum]- t:.pcs. o( coniposites. As~ t.xected. tie ecox am-
nurn Qruiie5 and iinterctd in a saiicuns czrbide re- pies are siightly deriser Altan tile icicn utoll-
sistance t'urnace at a hianst rate of1.0O"C per iatnpies ia~usc cpox% Acts the iurtac:: )IP w.
hour. with a sculak period of 30 minutes at 134.0IC. extrerneiv wall and denlsifies tilt amotcs. 11cm.1"
A lead-richf aLnu..Mphere Was maintained duringt picte bactc-fliling in hig-l: voluime ptcrcenit P1W
sincrn by placing powdered cead a.rconate ne~ar samfples causes a noticesoie icter in Aie ajuc,,

heP=T iamples. Aiter iring, the samples were Teed~sv'auin ali' l Us~ii

impregnated with -ither a itiff vinvy ccieene measurements.
dioxide evoxcy± or a high-purity soft siliconie efas- F~gures :a and -b ,nusv micrugrzons at 'o'tl

tomr.~Fially, the samples were pnilishird on sil- ierent nagrimcntions ri( a poiishe-J Nurlac: i
icon ca:rbtde paper to e-nsure that the Facts of the o:mposite made t'rom 50l/!O volume ratio.
disk %%ere parallel and snitotnh. Elceiroda3 ol itr- ianiples are po~led in the %rticat dircction a,,it
drA; ';I'.er were appliacd and tlie samples poled fur dkt:td In Figure :a. At lie rnigiiika.ti-'.

two minutes in a stirre-d oil bath at UtrC with Figure Zb. !5X) thlt ilaterial aur~cars reastmrit,~
licids (31 '40-- kv/cm. The composites were aacu liuniaetious. Fiatire :; Ol%- a RJ' Z-
tot at least twenty-four hours before irneastiur- pol'rner -umpositc In %htch hie PZT N ,t
irents -4cre taken. Slighittv intercanneced. N zertain jmnounr ii Ti. 4:c

tecunnelfctedles5 s.J tiurerscear% !orz!

Chlaroc7eyeTya-J1o tric ritiliflg. !:ut to mniiiti~v the uIcnsit\ .1nu ji;:
Cc: ne permittilvl'. lie ?ZT ntit houu nt*:'

I'le density it tile comin smc was iciiiiutcd Iroot 'ow as :1osisible.
thle mass andl the measuret.1 %olumei o II: dCisk II al.l the "eCIzuInS !7:117ineu t!Ic
'flis nroct-Jure vas oeriurmcit :liot toi z-cc*.od- 'ltgrm a ew J ul:O m

'4iflIC 5 tue ti e lt to"'MCt 'LTive'Is'i5 ie TITC:
tisrc oorevs ' iiri :rtcx ' ii t:ic ?-7

';ott ~ I~iL*,L~i'g\iJ~. N, ~ iv r"9:-idicuzinr to tie iinez Jirz ! ti 'i' IINl '1

4111.l *.--.-- he tiitoi. asjrscu'-u jIter SIii 1It"trC.
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l arget rot. PZT-silicone rubber compites can- and that this set of columns are rully poled. while
ting 10% PZTi. For these samples d~gA exceeds thos in the perpendicular directions along X', and

Z X 10"' C'Vm/N1 , more than a htundred times Xl art unpotedL
Larger than solid PZ cz-amics. Berfintcur:7 used a similar mortal to expl~ain the

The results compalre f'avorabiy with tesum, piezoeltric properties of" ?=spongie. a porous
ments on similar mate'rils. Using the same tech. ceramic made by Cevite Corporan Ion ab~out
nique descnbte. in this pacer. Shrout"  pre'viously twenty years ago. The sponge was 3-3 structure
prepare'd a number of r'ZT-pollymeit composites made from a stuff-y of F'Z', water. and scatpsuds.
conaining 20 volumerr mn't 'i'. The ?="-Wi- but it wa difficult to backt-fill. and therefore
icone rubbert samples had dieecric constants 6*- compoasites wer not prepared.
tween 40 and 200. di, values in the range In one "unit ceill" of the cub~ic array, there are
30-240 X 10" 'a C/N. and ?A, v'alues of" M-70 X I0"j tour kinds of" ?Z blocks; (i) reciangiutlar blocks
Vm/N. Piezoeletric coefficients f'or PZT-cpo~xy parallel to Xi. (ii) rectangular blocks parallelt o
composites wer-e somewhat smaller dj] Xz=. (iii) rectangular block parallei to X,. and (iv)
60-110O X 10" 2 and 1% about 40 X 10"'. Porous cubic blocks at the intersections. Thae cubic lattice
interconnected ?='-silicone rubber samples pre- contains equal number of 'he Cour types. If :he
pared by Nagata and co-worker.;' gave

130 X 10" Vm/N. Thew composites contained

48 volume % P= l. The ladder-(ypce com POSIe . M

reported by Miyash~ita and co-woricers gave
-,IisItl'v tower values of M X 1O"  for

)" THEORE"1C.AL MODEL L ''. "I.

'.." 'The phlys.ica properties of" 3-3 compoosites :an e I ,.,,.-
, * ' descrbed with the cuic€ array illustrated in F',,- "L "" t

4."[ ire 6. The modei consis of intersecting rec.anqu-
IC- :at columns of PZ"T arranged in three perpendicu- X4. .

,.,; a r dlir e c tio n s a n d .- m be dld e dl n a po ly m e r m a ti nx . PG U R E 5 7 114 e a l In( t J1 I u .1.1 C A te o n ,.r 13 j
, For simplicity. it 13 assumedl that one set at "noaet :me ,leiminc .ana ;iezoefe' tJc :rooerties .-

;olumns is parallet to the oitig iirecti on t.'X, i. o ose.
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length of the rectangular blocks 13 1. and the width
I.. then the volume of the rectangular blocks is L I W, 0,
and that of the cubic blocks L3. In one unit cell oi
the cubic array. the volume of IZ= is L' + 3L*I.

a n h e v o lu m e fra ctio n ? = is 
$- _

(L + I)-'

The remainder of the volume is Miled with Q~ iCC120140.
polymer.

X 8 0.2 0.4 0.61 0.8

Dilectric coffilanrs FIGUIRE 7 Pi~cmfcmnc and dietertrc cweificiens =

The dielectric constant of interest is K , since the lated from ft.e cujos array modef.
electrode surfaces are .perpendicular to Xj. In the
notation used here. K33 is the dielectric constant
of the Composite. K,,3 is the dielectric constant of posites. and why they have lower dietetnric
PZT. and "R,, is that of the polymer. Since constants.

'ki X01n. the dielectric progenties of PZT tend The dielectric constant of a 3-3 composite de.
to dominate the calculations. The rectangular creases rapidly with increasing polymer content.
blocks parallel to X,. toggher with the cubic For simple parallel connection, a ;inear relation
blocks. contribute most to K33. The blocks paral. between the dielectric constant and the volume
lei to X, and i are connected in series with poly- fraction PZT is expected. For a cubic Iattic.-
mer and therefore contribute relatively little, model, the decrease is faster than linear. whicri

For a unit cube (L + I = 1). the dielectric con- advantageous for the piezoelectric voltage coe-fi.
stant is approximaxty cient. The reason tr the rapid decrease is that

& 4~much of the PZT is in series with polymer.

where L is the width of the rectangular blocks Pferoeiecirrc coefficzents
(Figure 6). extpressed in call fractions. This as- -elniunacofcet3irlts[iepa-
sumes that the permittivity of P27 ('K - 180 The la n oonalcfent d1i to re ats he po r.o
far larger than that of the polymer ('K - 101. zto opnn ~t tescmoetd.ic
Using the relationship between L. 1. and 'v gien in composite. the magnitude of Jid, 4eems
Eq. (1). the dielectric constant of the composite strongly on what Fraction of the stress is borne o
can be written as a function of the volume frac- the pi ezoelectric -element. Ideally. the stztf oiezo-
tion P27 ('0. This is plotted in Figure 7. The electric crramni c bears all the itress and the poi%*
measured dielectric constants are lower than the mer none. For a perfect parallel connection
predicted values. This may be due to deficiencies ! dilS1 :v 2J)isl
in the theoretical model. tiut the c.racks cau.'icd ov =:,
poling (see Figure Zal undoubtedly contribute to
the discrep:ancy. Since the cracks ire oriented where V 4nd *v are the resoecn:ve 'olumne :rz.
perpendicular to the poling direction. :he material tions oi* P27 and poivrmer. Lingituainaicon
is essantially divided ap nto capacttve elements pliances are denoted ov s,3 ana 's,. ana :ie
with air and PZT connected in series. Linder the~e Pieeoeiec~ric i, . ect at .n!e 3oivmer s as~urre'-
conditions, rhe permittivity drops Uotdlv ,vlth be 7rro *i1, = T.

only a slight amount at . (.raciture. Silicone ruccer Carmoosites with 3-; zonnec-ivit, * are zzir*,aiI
provideS less3 mechanical iucciort for the ceramic in :arcalei and 2ariiailv *n serie%. :ino nrere!i)re
than does !epov. n, is -nay enoiain -Aihv more E(.3) will not 6e accur-ate. Referring :o' =au ret
cracking was observed in tne seiicone -uooer corn- tie poriton -if P27, in paracli *(cri :nc 7oikrnter
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matrix Consists of the cubic blocks together with Therefore only the cubic blocks xntribute :o d;ii
the rectangular columns parallel to X3. This part
of the PZT' skeleton is assumed to be fully poed. di 'd,./(L - 19.

and therefore piezoelectrically active. The recan- In Figure 7. ;, is plotted as a function of total
gular blocks paralei to X, and X ' are in sries volume fraction PZT. When 'v is large. the corn-
with polymer, and since they are unpoled. con- osice consists mainly of cubic inteectons. and
tribute nothing to the piezoelectric effect. Thus a , is large. When ly is very small. the intersection
much of the PZT (approximately two-thirds for cubes nearly disappear. and so does d1. The rapid
small fraczions) is inactive, and the composite be- decrease of-di with 'Y is a strong contnbuting fac-
haves as if it contains a much smaller volume tot to the hydrostatic sensiivity.
fraction PFZ. The formula for ,13 can be rewrit- The hydrostatic piezoelecinc coefficient d, is
ten as obtained from d1 , + ZZ,, and is plotted as a func-

S'd, . tion of 'Y in Figure 7. Note that d, goes through a
I___ i_ 12 (4) broad maximum near the 50% composition. sim-y : j i -+ v 0 'S13 ilar to the experim ental values (Figre 5. In gen-

where 'vY is the volume fraction of active T eral the model gives good agreement with the

and 'v4 is the volume fraction of polymer loaded experimental r'sults.
with inactive PZT. l is the modified compliance
of the polymer. The volume fraction of active
P27is ACXNOWLEDGFMEN1

L' -+ L! We wish to thank our odicags u te S(Mterials Rinacren
Iv.a 31111 + .aboraory 'or thlir 4vwn andt encourapmenm. Th1is -or,

(L+ was &Q~ e by t.e Of fcs oE ,Nai AtRasjc inroup C.,n-
trac No. 4001I4- .291.

where L. and I are the dimensions referred to Fig-
ure 6. The loaded polymer volume fraction

.I -- v'. Elastic compliance coefficient iS,
is le , than I ,a. but is substantily larger than REFERE.4CES
's,. the compliance of pure PZT. In Figure 7, the 1.t. E Nwnham. 0. . Skinner and L. F. C~o%&. t. ReL
value of dI is plotted as a function of "', the total 3. 13. = (t911i
volume fraction of PZT. assuming a value of 0.1 2. D. P. Skinner. R. E Nownham and L E. C:osz..W r. R.
for sula-sie. If this ratio is very much smaller. di, auL. 13. S 9 (1972).
is independent of 'v. reverting to the ideal parallel 3. T. R. Sbrout. W. A. SchWz and J. V 3iers. War. Aes.
connection model. L. 14. 533 (19791.

4. K. Sapta. H. prnashi. K. Okaisio and Rt C. 3radt. lag. 1.
Piezoeiectnc coefficient ;), is more straightfor- '#" ,,, .. 19, U7 (191.O.

ward. Two parts of the PZ7 network are plezo- 5. .No. Wi.aota. K. Takano and T. Toda. 'ermeiecrrvc. Z&
electric, the rectangular columns parallel to X' 397"(1910).
and the cubic blocks at the inter3ecting columns. S. It. E. Ntbmflm. 0. P Skinner. K. A Kliclcar. A. S. Shaala.

3. Haidiman and T. Rf Gurtamia. 'roeqeane± .. ,- 5Since stress component at is carred by the latcral (1981.
rectangular columns, the stre3s is transmitted to 0. 3rtincourt. "Proverves oi Soonge Czratc." 'e

the cuoic blocks but not to the vertical columns. Cirporaion [nterai Reponr. a cnioer 1960
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Polymer-Piezoelectric Ceramic Composites
R. E. Newnham and J. P. Runt
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

1. Introduction and Background

Several crystal classes whose internal symmetry results in a permanent

electric polarization display the property of piezoelectricity. These materials

produce an electrical response due to the application of mechanical stress. The

magnitude of the charge is linearly proportional to the stress through the piezo-

electric coefficient (d) and the sign of the charge can be changed by reversing

the direction of the stress. The polarization (P developed under this

direct piezoelectric effect is:
P.- d . i
P. ij j (1)

where C is the applied stress and i and j refer to orthogonal directions

within the sample. In addition to the direct effect, piezoelectric materials can

also convert electrical energy into a mechanical response. This converse piezo-

electric effect is given by:

Si d E (2)

where ,S is the mechanical strain produced by the applied electric field (i).

Piezoelectric materials have found application in a large number of areas

including radio transmitters, hydrophones, resonators and phonographic pickups.

At one time, natural crystals (such as quartz) were used as the piezoelectric

element. Today, however, many piezoelectric materials are prepared from nclv-

crystalline ceramics such as lead zirconate titanate (?ZT) and barium ticanate.

Application of high electric fields (poling) at temperatures just below :he

Curie temperature are required to introduce a polar axis in these materials. As

-an be seen in Table 2, :he poled ceramics have quia large d-coefficients hih r
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desirable in piezoelectric driver applications such as ultrasonic cleaners and

sonar. For hydrophones and phonograph pickups a useful figure of merit is :he

piezoelectric voltage coefficient (j) which is defined as:
d i

- (3)

where C is the dielectric perittiv±it7 of the material. The Z's of the

ceramics listed in Table I are somewha: less outstanding than their d-coefficiencs

due co cheir large dielectric permictivities.

In the last decade considerable effort has been devoted to deveL ing piezaelec:ric

polymers (1,2). The polymer that has received by far the most at:enion is poly

(vinylidene fluorVdeF(MV2). ?V s is a semi-crystalline polymer(qrpicall-, about 5C:

cr stallini:y) with a glass cransicion temperature of near -40*C. Curren:.v,

four forms of c.-y7sallline PVF z are known(l)7hese are generally referred :a as

forms 1,11, :1_ and 11 or S,a,y anda , respectively. The form of most impor:ance
p p ..

from a piezoelectric standpoint is form 1 (2) since in this phase the dipoles of

the monomer units are parallel resul:ing Ina substantial dioole mcment. C.mer:ial

?71; usually consists of antipolar form 1I crystals and must therefore be :aken

through a series of processing steps In order :o render the macerial piezoelec:riz-

ally-active. A c,7:ical approach Involves screcchio o~merc4al ?1 - m a:

50 co 65C :o about four times its original leneth. The -4: 4s then

electroded and poled ac a field of approximately 5 x 1'0/= at 100C for an

hour. The films are subsequently cooled to room :emperacure under :"e apple

field to prevent depoling.

?117z has a dielectric c onstanc of about '3 wnizn s -la:_'e,- :large

organic materials out is some :vo orders of magni:uce less :ban

?Z. ceramics. 71e long4:udina. oiezoeiac:ri= strain :oef:i_: ooed

77,_s jui:a 'i#~ for po.L-rers - n --he ::rter :~2 t 0c, *:ut- zs si
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ficantly lower than the d33 values for PZT ceramics which range from about 100

to 600 pC . Despite the relatively small d33 , the permittivity of PV2 is
2

sufficiently low that a large voltage coefficient (g33) is obtained.

The relative compliance and flexibility of PVF2 is high and its density is

low compared to conventional piezoelectric ceramics, and these properties impart

some decided advantages to PVF 2 when used as a piezoelectric sensor. A low density

piezoelectric has better acoustic coupling to water and can be more easily

adjusted to neutral bouyancy than the high density PZT ceramics now used for

hydrophones. Compliant polymers also have better shock resistance than con-

ventional ceramic transducers and the large compliance also means high damping,

which is often desirable in a passive device. In addition, a flexible material

could be deformed to any desired profile.

Overall, this combination of properties appears quite attractive and, in

fact, PVF2 has gained the attention of a number of investigators whose efforts

have been directed toward developing devices based on piezoelectricity in

?VF2 (3,4). There are, however, problems associated with the use of PVF . The

low piezoelectric strain coefficient reduces its importance as an active device,

and although its high voltage sensitivity means it may be good as a passive

device, a problem arises here, too. When used as a hydrophone, the material

must be fixed to a curved surface which can flex in response to pressure

changes. The difficulty lies in designing a sealed flexible mount for the

polymer which will function when exposed to the high pressures which exist deep

in the ocean and still retain sensitivity when near the surface. So we see,

then, that the figure of merit g j is not the sole criterion, but that other

aspects of the problem must be examined as well.
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Another approach to the development of high sensitivi:y, rugged and relati'ely

flexible piezoelectric materials is to combine the large piezoelectric effects

found in poled piezoelectric ceramics with :he desired mechanical properties of

polymers. The main problem in these composites is to effect the combination

in such a way as to exploit the desirable features of both components and

thereby maximize the figure of merit. in the last several years, :onsiderable

progress has been made in :he development of piezoelectric composites made

with polymers and piezoelectric ceramics. Some of the results and a few

design principles are reviewed in the next sections.

It. Piezoelectric Czmosices

I. Connectivity

Connectivity is a key feature in property development in ulciphase solids

since physical properties can change by many orders of magnitude depending on :he

manner in which connections are made. Imagine, for instance, an electric wire in

which the metallic conductor and its polymeric insulation are connected i= ser-ls

rather than in parallel!

Each phase in a composice may be sell-connected in zero, one, two, or

three dimensions. I: is natural to confine at:ention to three pe--endicular axes

because piezoelectricicy and other property censors are rererred to such systems

I! we limit the discussion to diphasic composites, chere are :en Fossibla :onnec:i-

vi:7 patterns as shown in Figure 1. 1hese are designated as 0-0, 1-0, 2-0, 3-0, -,

2-1, 3-1, 2-2, 3-2, and 3-3. A 2-1 connectivi:y pat:ern, for example, 'as one

phase self-.nnteczed in two-dimensional layers, the ocher self-c:nneczed 4-n :ne-

dimensional chains or 4ibers. -he connec:ivi:'/ pac:erns are noc zeonec:"Zra__'

unique. :n -he case of a 2-L pattern the fibers of :he second :hase =4h: e

perpend-cular :o :he layers of :-e 4:sc ohase, as in Tfgure 1. or :ney mi~n: :e

iarallal to :he :avers. n :e nocatior :..a: 'we ;se : ez.ns ~

self-connec:iz:r4 of :he oiac:elac::: :asa ' 9:e 'en f:-:9: - :-

:hase second. . ,s a -3 :omcos-:e :onsis:s of o1zoe -ers
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embedded in a non-piezoeleccric polymer matrix and a 3-1 composite is a solid

piece of piezoelectric ceramic with parallel holes filled with an inactive

polymer.

2. Piezoelectric ceramic particles dispersed in polymers

Some of the earliest attempts at preparing piezoelectric ceramic/polymer

composites consisted of dispersing piezoelectric ceramic particles in a polymer

matrix (0-3 composites). Flexible 0-3 composites made at Gould were fabricated

.using 5 to 10 m particles bound in a polyurethane matrix (6). A similar material

was developed by Harrison using 120 Lm particles in a silicone rubber matrix (7).

The longitudinal d values obtained in both cases were comparable to piezo-

electric PVF2 but the voltage sensitivities were lower because of the higher

permictivities in the composites. The difficulty with this type of composite where

the piezoelectric particles are smaller in diameter than the thickness of the

polymer sheet (Figure 2a) is that low permittivity polymer layers separate :he

piezoelectric particles, preventing saturation poling after the composite is

formed. Even after some poling has been achieved, the interleaved compliant

polymer attenuates the piezoelectric response of the composite.

Composites have been prepared at Honeywell which contain much larger

particles (up to 2.4 mm in diameter)(7). A material of this type is shown

schematically in Figure 2b. Here the particle size approaches the thickness of

the composite and these materials therefore have at least partial 1-3 connectivity.

Since the piezoelectric particles extend from electrode to electrode, near sat-

uration poling can be achieved. The large rigid piezoelectric particles can

transmit an applied stress well leading to high d values if d is measured across

the particles. Permittivities in these materials are low compared :o homo-

geneous ?ZT, resulting in a relatively h,igh g coefficient. he problem here is

that properties of :he composite are extremely position sensitive.



To make an effective composite :ransducer, i :an be seer :ha one cannot

merely mix two materials together - some ocher consideration is necessary.

Designing a composite entails not only choosing componenc phases with :he

right properties but also coupling the macerials in :he optimal manner. The

connectivity of each phase is of malor importance since this controls the

electric flux pattern and :he mechanical stress distribution.

The Japanese have been especially ac:±ye in -he development of piezo-

electric ceramic particle-filled polymers (8-10). :n fact, NTK has

commercialized two such produccs:'Piezo-Film' and '?iezc-Rubber', composi:es

of PZT particles with an unspecified thermoplastic resin and elastomer

matrix, respectively. These materials look promising in a number of applications

including audio headphones, microphones and pressure gauges.

Finally, it is interesting to note the similarit7 in structure

between the true 0-3 ceramic/polymer composites and ?Vr :£?IF can

be thought of as a composite consisting of piezoel.ec:ric crystals in

an amorxphous matrix - The 0-3 composites have in fac: between used

as models for the piezoelec:ric eifec: in ?V? 2 (11),

3. Parallel and Series Connec:ions in Comnosices

To illustrate the najc m =odificacions in ensemble properties which

can be effected even in simple linear systems, one-dimensional solutions

are suinartzed for :he ziezoelectric pronercies of heterogeneous =io-

ohase scru-c:ures (12,13).

Consider ::rs: the oiezoelec:r.c :rooerties of amella: izhasic

comoosites. The longi:udinal piazoeiecz:- coer c~en: c.. has :een ara:;ed

for a diphasic piezoelac:rc ;i:h :he zonsti:uent -nases ar-rnge'd

ai:ernacing Layers normal :o :"e:(, ±i_:c:_ton :Figura 2a,. :esi~naz.nj
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phase I with a superscript i, and phase 2 with superscript 2, phase

I has volume fraction v, piezoelectric coefficient d and permittivity

1 and phase 2 has 2 2 d3and 2 respectively. Solving for
€33' v, 33' r

the piezoelectric coefficient of the composite gives

v 1vd33 233 + 2v2d 33133
d33 1 v2 2()

€33 2i33

Using the relation g3 3 " d33/C33 yields the composite piezoelectric

voltage coefficient:

3 IvI 2 2 ()
g33 g 3 3 + v g 3 3

It is interesting to note that for a series connection even a very

thin low-permittivity layer rapidly lowers the d-coefficient but has

little effect on the corresponding g-coefficient.

If the two phases lie in 1lyers oriented perpendicular co the electrodes

(Figure 3b), again for the one-dimensional case and neglecting transverse

coupling, the composite piezoelectric coefficient is

vd 33 s33 + v d33 1s33
d33  1 2 2 1 (6)

v 33 + 33

where I and 2 s33 are the elastic compliances for stresses normal

to the electrodes. A similar expression can be written for g3 3"

A composite of interest here is that of an elastically compliant

nonpiezoelectric polymer in parallel with a stiff piezoelectric ceramic. intiscase

1 2 1 2 r e ssm 1 2 =12te 3a d3 3  3' 3 S33 . we assume v - v - 1/2 then d33 d 3 3 ,

i.e. the piezoelectric d-coefficient of the composite is the same as :he

I I
pure piezoe1ec:r4c alone. 33' 3 -or small

volume fractions of :he oiezoelectric ohase 33



ra

the $-coefficient is correspondin#7-amp 1fied. 7: is :his case which accoun:s

for the highly successful per-ormance of the transducer structures described in

later sections. .%e structure also has considerable hydrostatic sensitivit7.

4. Hydrostatic Sensitivity

A problem arises when one attem ts to use sclid ?ZT as a hydrostatic

sensor because d33 is approximaCel7 equal to -d 31, resucng In a

low piezoelectr c response to hydrostatic pressure change. Since sizeable

coefficiencs can be obtained for composites with parallel connection,

it is Interesting to inquire into the hydrostatc sensitivity of this

7Pe of conne¢civi7.

To evaluate the affective hydrostatic sensitivi:y for parallel

connection, it is aecessary to evaluate the transverse piezoelectric

coefficient d31 since P3 - -P(d33 w 23d) where p is the applied hydrostatic

pressure. Since the piezoelectric rods are aproximae!ycotuec:ed nseries in

the lateral directions It can be shown thatd 3 v d vd
Z31.aIi 31 + vd31,

This leads to a hydrostatic piezoelec:ric cefficient:

Ivd zs 4 v 2d I 22
-- -d + 2d33 33 33 33 .2 2 7 2h 33 31' 1 7 2 2 2( v l v d 31)V 5334 3

Suppose for the composite we choose equal volumes of 'iezoelec:4ia

?ZT (phase 1) and a zomp1iant elascomer (phase Z) such chat Iv - "v

s< s 3 ".. > , and d Z-2 d or the zovs ,- - -:.e

and d 3 3 a .'-ng3. *
33, .. 33"

This is a :onsiderable 4=provemenc over single phase :er-orance.
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Since the hydrophones used under hydrostatic zonditions are normally

voltage generators, the further favorable enhancement of the voltage

coefficient can also be exploited: g - h Lowering the permittivity

33 increases the sensitivity to small pressure changes by raising .

5. ?iezoelectric Comvosites with 1-3 Connectivity

Considering the parallel connectivity described previously, the ideal

three dimensional case is one of PZT rods embedded in a continuous

polymer phase, chat is, 1-3 connectivity. According to equal

strain composite theory, d33 should not be a function of the volume

fraction of PZT in the composite. This assumes an idealized situation

in which the polymer phase is far more compliant than ?ZT, causing

all the stress on the polymer to be transferred to the ?ZT rods. That

is, as the volume fraction PZT decreases, the stress on the rods increases

proportionally, so that the charge per unit area of the composite is

constant. For pressure sensors, it is not necessary that d33 be large

in order to enhance the d h coefficient of che composite. f, as the

volume fraction of PZT is decreased,{ 311 decreases more rapidly than

d3 3 , then d. will be increased. Likewise, if decreases more rapidly

than dh, as the volume fraction PZT decreases, then gh will be enhanced.

Klicker, et. al. (14) prepared 1-3 composites consisting of ?ZT rods

ali~ned parallel to the poling axis and embedded in a matrix of epoxy

or polyurethane (Figure 4 ). The rods were in contact with the surface

electrodes and this allowed for jood poling of the ceramic. .he size

of the rods and the total amount of ?ZT in the composites can be easily

manipulated with chis design. Figures 5 and 5 illustrate the piezoelectr.:



10

properties obtainable from 1-3 ?ZT,'apoxy :omposites. Figure 3 shows

that for ?Z. volume fractions down to 40Z, the d 33 oeffic±ents are

comparable co the d33 of solid ?ZT, about 400 7C/N. 3elow 40% ?Z., :he

d33 values decrease but even at 10Z are still greater :han one ha..f

the value for pure ?ZT. Figure 6 shows :he dependence of '33 on ?ZT volume

fraction for composites of 46mm ckness. As anctcipated, all :he

composicas have larger t coefficients :han pure ?ZT and 33 is greatly

affected by volume f:ac:ion. Iote :ha a composite wi:h 2.5% ?Z has

a piezoelectr4c voltage coefficient some nine :imes that of pure ?Z-.

Mhe epox7/PZT composites also have substantial hydrostatic piezoelec:r7c

coefficients and quite large hydrostatic volage coefficients. :he densi:7

of :he cozposite can be adjusted between the densi:7 of ?Z. (7.9 gm/c)

and chac of the epoxy (about I gm/cc). 7: is impor:ant to noce :hac

:he greacest values of d., g, and g are all found in :he comrosi:es

with low volume fractions of ?ZT. herefore the desired proper:ies

of low densicl and large piezoelect:ric coefficients are obtained " i:h

the same composites.

1-3 composites prepared wi:h ?Z: and ocher polymer glasses (polystyrene

and poly(mechyi mechacrylace)(?. A)) and several semi-crystalline olymers

(e.g. nylon 11, noly(buc2.ene :erephchalace) and di-fferent Hycrels)

have piezoelec:ric proper:ies which are quite similar ,o the epoxy

comoosites (1 3,6) .7n addizian, foamed Poly;urethane ?Z- -- ,osi:es .ave-= ap.

oiezoeleccrtc proper:tasucare ".e-7 pressure dependent due :olaose



11

of the void structure as pressure is increased(17). The hydrostatic piezoelectric

properties of several 1-3 composites are listed in Table 2

Somewhat different 1-3 composites were prepared by Safari, et. a!

(18). Recall that early work on ?ZT-polymer composites undertaken

by Harrison and co-workers (7) utilized coarse granules of sintered ?ZT

rather than PZT rods. A schematic drawing of this PZT-loaded silicone

rubber film is shown in Figure 2b. The piezoelectric properties were

optimized by adjusting the size of the granules and the volume fraction

of PZT. Typical values were given in Table 2.

PZT granules of irregular shape assume a variety of orientations

with respect to the parallel surface of the composite and thus grinding

does not expose every granule to the electroded surface. For poling

of the PZT elements to occur, these elements must be in electrical

contact with both electroded surfaces. Therefore, composites fabricated

from irregular granules are not particularly efficient. The inactive

PZT fragments not only detract from the piezoelectric response of

the composite but also increase the density and decrease the flexibility

unnecessarily.

The Safari, et. al. composites were fabricated using ?ZT spheres

instead of irregular granules. Spheres offer several potential advantages

over irregularly shaped particles. Composites are easily fabricated

by pouring the spheres into a pan to form a monolayer. and then covering

them with the polymer phase. A light sanding exposes the ?ZT, allowing
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contact to both electrodes. The dielectric constant of :hese composites

were 300 to 400 and T was 45 to 55 x 0 .3 7m/N. The high frequenc7

properties of these composites were measured in both the :hickness

and radial mode of resonance. The frequency constants and coupling

coofficiencs of he composites for the thickness mode of resonance

are comparable wi:h the values for ?Z. ?ossible applications of :he

composites as band-pass filaers. have been developed.

6. ?iezoelectrtc Comoosi:es with 3-3 Connec:ivicv

In a 3-3 composite each of the constituent phases is continuously

self-connec:ed in three dimensions to give iro incerlocking skeletons

in intimate contact with one another. This type of scructure is exhibi:ed

by certain polymer foams, by some phase-separaced meals and glasses,

by three-dimensional w-eaves, and by natural substances such as wood

and coral. The piezoelectric proper:ies of 3-3 composites

have been investigated with some rather remarkable results. For certain

coefficients, dramatic improvements can be made over the best single-

phase piezoelecrics.

Piezoelec:ric ceramic-polymer composites with 3-3 connec:vi:7

were firsc made by Skinner, at al. r3) using a Iosc-wax nethod with coral

as a starting material. Among the advantages of :hese composites are

high hydrostatic sensitivIty, low dielec:rc constant, low densi:r

for improved acoustic impedance machinag with water, high comp Iance

:o p:ovide damping, and :he mechantcal. fnexibi..v needed :) zeveioo

conformable :ransducers. Slrouc, ec al. 19) have develooed a sinvlaer mernoc

for fabrizactni a :h:ee-dimensiona2.7 incerzcnneczad

?Z,' over zomposi:- 4-:h Drz~ertles similar :c :he

:oral.-oased :cmvcs.:as. 7he =ecnca e~ararton :ecc ;:'es

mintng ?g . soneres ana ?:: :c-der in an :rganiz :.ncar. [,en :ara:i.
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sincered, a porous PZT skeleton is formed, and later back-filled with

polymer to form a 3-3 composite. Th:.s technique is commonly referred

to as the BURPS process, an acronym for burned-out plastic spheres.

Since the process involves the generation and emission of gaseous hydrocarbons,

the name BURPS is highly appropriate. The composites prepared by Shrout , ec al.

contained a PZT/polymer volume ratio of 30/70.

More recently, the electromechanical properties of 3-3 composites

having a wide range of PZT/polymer ratios were measured (20), and compared

to the results with other piezoelectric materials, including some earlier

Japanese work on similar composites ('1,22). Dielectric and piezoelectric

properties were measured on samples ranging from 30 to 70 volume %

PZT, and compared with a rectangular skeleton model for 3-3 composites.

Composites containing 50% PZT-50% silicone rubber appear especially

useful for hydrophone applications with d h products a hundred times

larger than PZT.

7. Perforated PZT/Polvmer Composites

Composites of PZT and polymer with 3-1 and 3-2 connecrivity patterns

have been fabricated by drilling holes in sintered PZT blocks and filling

the holes with epoxy (23). The influence of hole size and volume fraction

PZT on the hydrostatic properties of the composite was evaluated. By

decoupling the piezoelectric d33 and d coefficients in the composite.
33 31

the hydrostatic coefficients are greatly enhanced. On samples .oorimized

for hydrophone performance, the dielectric constants of 3-i and 3-2

composites are 600 and 300 respectively. For two typical composizes,

the piezoelectric coefficients dh, gh, and ghd. for 3-i composites
34(1-3 -l0-15'

are 230 (pC-1 ), 34(103 mN ), and 7800 (10 mN ) respectively,

and the corresponding values for 3-2 composites are 372 (pCN ), 23

(10- VmL- ), and 45000 (10 1 M2 N I



These composi:es are extremely rugged and show nio pressure dependence.

Similar comosi:as can be prepared by exct-uding :he ceramic rather

than dr-illing.( 2 46). Composi:es wich 3-1 zonnec:i:7 were !abr-caced by

impregna:ing an extr'ded, sincered honeycomb configuration of ?ZT w:h

epoxy. The composites had lower density and lower dielectric conscan:

than that of solid PZT. The maximum piezoelectric 3 coefficient
33

of :he composices was 350 pC/N, and the maximum w "as

220 pC/N. sh and dhgh, of the composites were an order of magni:ude

higher :han chat of solid ?ZT.

SM14RY AND CONCLUSION

Composice piezoelectric elements for= an in:eres:ing family of

materials which highlight the major advantages composite s:ruures

afford in improving coupled properties In solids for craasduc-ion applications.

3y careful consideracion of the crystal sy~mec-y, macr0smmet7, and

possible modes of phase interconnec:ion (connectivi:Y) which can be

realized by modern processing technologies, i: is possible :o design

new composi:e :ransducers "wi:h propery combinacions :aiIorad far svecilf4:

device requiremenrs.

'We believe chat che composi:e sacerials offer a new versacil.:7

in propery7 combinations, and it will be most incarescing :: obser;e

how chis is caken ut and ex.loizad in subsequent generations cf p.ezoelec:r4-C

devices.
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______________?-roverties of_?iezoelectric_ Materials

?iezoe1ectr,.c Relati.ve Elastic ?.2ilzoeleccric ?±ezoelecrc 7ol:age
Mfaterial Perm±:±vit7 Comp.liance Coefficient Cofficieut

'l '3 dl d33 _ 1
3 1 3_

£ 3 Z -I 2,-1 3 rC L1VMN- 1
pN pa PO__ I .10Vm

eQuartik
Sing.Le 4.5 4.6 12.8 9.6 Z.3C5)17.0(g,,)

Sinal 2920 168 8.05 15.7 -34.5 85.6 i-23.0 57.6
Crystai.

3aTiO
Caramic 1620 1900 8.55 8.93 -79.0 191.0 j-4.7

Ceramic 1180 730 13.8 17.1 -93.5 Z23.0 -4534.3

1.57 l 330 17.9 to -20 :oj 95 -140
___ ___ ___ _ _ ___ __ ___ ___ _ i37 -30



Table 2

Hydrostatic Mode Materials

Dielectric I d
Constant I h

(K-3 -1352Cr33) (pC/N) 10 -VM/N 10 -m IN

PZT 1600 50 4 200

PbNb 0 (ceramic) 225 65 35 2300
2 6

PVF2  12 ii 100 1100

Selected Composites

0-3 PZT/ 100 28 32 900
silicone rubber

1-3 PZT/epoxy 70 30 50 1500

1-3 PZT/foamed 75 85 135 10000
polyurethane

3-3 PZT/silicone 450 180 45 8100
rubber

3-2 PZT/epoxy 410 200 55 11000



Figure Captions

Fig. I Tan connectivic7 patterns for a diphasic solid. Each phase has zero-,
one-, v,;o-or three-dimensional conneccivit7 Cc itself. :n the 3-1
composite, for instance, the shaded phase is :hree-dimensional!7
connected and Cho unshaded phase is one-dimensionally connected.
Azrrov are used to indicate the connected directions. :io views of
the 3-3 and 3-2 patterns are given because the vwo interpenecraring
nerworks are dilfficulc to visualize on paper. The views are related
by 90' counterclockwise rocation about Z.

Fig, 2 Two types of piezoelectric zeramic/olTmer cmposi:es: 'a) represents smal!

piezoelectric particles suspended in a pol:ymer film: Cc) represencs
bound piezoelectric particles of a size comparable "o the chickness of
Che polymer sheet.

Fig. 3 The series (a) and parallel (b) models used in estimating che piezo-
electric effects of diphasic solids.

Fig. 4 Fabrication of 3-3 composices wich ?ZT rods and an epox7.

Fig. 5 _33 vs volume Z ?ZT for L-3 ?ZT/eDox7 coMPosices.

Fig. 6 g33 as a funccion of volume : ?ZT for 1-3 ?ZT/epoxy, comosi:as.
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I. Introduction ano Sackqround

By careful cnoice of design, multipnase materials may .e Produced which possess

ultimate properties which are superior to the sum of those of the individual

component., 1 ) With this idea in mind, novel piezoelectric transducers have

been produced and tested for applications such as hydroonones and medical

ultriasound. 2 ) (One of the most successful designs to date consists of slender,

extruded fibers of lead zirconate titanate (,PZT) aligned normal to two electroded

surfaces and surrounded by a polymer matrix 13,4,5). These composites are

referred to as 1-3 composites in the nomenclature adopted by Newnnam,et al. .6,

where the numbers refer to the total orthogonal directions 'in an orthogonal axis

system) in which each phase is self-connected. Since the PZT rads are o:ntinucus

from one electrode surface to the other, saturation poling can te accamoiisned;

thereby ensuring the maximum piezoelectric sensitivity.

The hydrostatic piezoelectric response can ne defined by the piezoeiectric

strain d d and voltage g,, coefficients. d is a measure of .he

polarization produced as a result of aoplying a hydrostatic stress and .s 'Jiven c:y.

h = d33 2131

where the subscriots refer to directions in an orthogonal axis system acording to

the common reduced notation. The 3-direction is defined as the direction oarallel to

the PZT fiber axis. Charge which develoos on the electrode surface as a resuit of

stresses parallel and perpendicular to the poling axis is governeo ty t.Z3 anc

d 3 resoectiveiy. The voltage coefficient is related to dh oy*

d.

w nere ( :s :he ieiectrtc constant in 'le ooiing -irecs:om anc s :-e
330
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permittivity of free space. Since, for PZT, d33 is opposite in sign to and

slightly twice the value of d31, and K3 3 is large, both d. and gh

are relatively low.

For piezoelectric 1-3 composites a simple parallel-series model developed by

Skinner, et al.(7) predicts that the d33 'd-33) of a composite

containing a very compliant matrix is equal to the d33 of PZT. The composite

dd 3 (1 ) is given by:

j31 " 31

where v is the volume fraction and the superscript I refers to the PZT phase. The

composite hydrostatic piezoelectric coefficient (d .) can then be expressed as:

Id 33  vd 31  (4)

Also, the composite voltage coefficient, which is important for hydrophones, is given

by:

du S

v K 33 E°

Therefore, the simple model predicts large increases in ;h and over PZT

as the amount of PZT in the composite is decreased.

However, recent experimental work (4,598) has shown that the quantitative

predictions of the Skinner, et al. scheme are not realized if flexible electrodes are

used for 1-3 composites. Several explanations have been proposed to account for

these discrepancies. These include: the effective matrix region of influence

internal stresses arising from 4ifferences in the Poisson's strain between

the ceramic and polymer '9, and relic processing stresses ' I. En the



case of glassy thermopiastic polymer matrices, annealing the composites at

temperatures near the glass transition temperature 7T9 ) of the matrix was found

to improve tiei,, piezoelectric response T). This is presumabLy due to relief

of some of the residual processing stresses.

All 1-3 composites studied to date have used amorphous polymers as the matrix

phase. Semi-crystalline polymer matrices have never been employed in these types of

piezoelectric composites. Low T., semi-crystalline polymers such as

polyethylene and the Hytrel ipoly(ester/ether) block copolymers have mechanical

properties which are intermediate between glassy and elastomeric materials. Also, it

is possible to conveniently alter the degree of crystallinity of these materials by

thermal annealing at temperatures approaching the melting point or, in the case of

the Hytrels, by varying the crystallizab le-segment content. This allows one t0

investigate the effect of matrix compliance on composite performance. Tnis paoer

reports some of our initial studies on 1-3 PZT/semi-crystailine polymer composites.

II. Exoerimentcal

A. Comoosite Fabrication

The PZT rods used in this study were prepared by a technique described

(3)previously . All composites contained ,ads which were 1.2-mil (305 u m) in

diameter and were prepared from PZT 501A powder \obtained from UItrasonic =owders,

inc.). The sintered PZT fibers were aligned in racks which consisted of two parallel

plates of aluminum foil separated by -2 cm. Each plate had an array of perforations

through which the rods were inserted so as to be held in place during ooiymer

processing.This was done to insure the proper volume fraction '4%) of =ZT for all

composites.

(a) PZT/Poiv(butylene ternhthalate) Cmoosites

Poly(butyiene tereohthalate) P8T) is a semi-crystalline oolymer witn a melting

point (T o f%. 2200C and a 7 - 700. Therefore, 297 is a ;lassy

semi.crvstailine material and zossesses ecnanicai pr:oernes :"aract-eristc :f 7:;i¢
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polymers (e.g. Young's modulus E) 109 N/m ). PBT is polymerized by

condensation methods and has a relatively low molecular weight (ca. 20,000-30,000

gm/mole). Its melt viscosity is therefore also comparatively low, making small scale

melt composite processing feasible without the use of high pressures.

PZT/PBT composites were prepared by placing filled racks of PZT rods and dried

PST pellets (obtained from Scientific Polymer Products, Inc.) into glass molds which

were then purged with nitrogen and immersed in a 250 0 C oil bath until the

pellets melted and no voids were present in the melt. The system was allowed to cool

to room temperature over a 5 hour period.

(b) PZT/Nylon 11 Composites
Like PBT, nylon i is a glassy, semi-crystalline polymer T Z

m

1850 C,TgZ 450C, E :109 N/m2) and has a relatively low melt

viscosity. However, in order to avoid the problem of polymer degradation at high

temperatures, we decided to prepare these comoposites by insitu polymerization of the

monomer.

Racks of PZT in glass molds were surrounded by il-aminoundecanoic acid 7Tm

190 0C) and the molds (under a continuous nitrogen purge) were placed in a

220 0 C silicone oil bath. Water vapor which formed during the polymerization was

forced through an exit tube by the gas pressure. The polymerization was terminated

by cooling for one hour after water formation ceased.

(c) PZT/Hytrel Composites

The Hytrels (E. 1. duPont de Nemours and Co., Inc.) are a series of

thermoplastic eiastomers composed of polyester "hard" segments which are

crystallizable and non-crystallizable, low T polyether "soft" segments. Byg

varying the concentration of polyester units, the degree of crystallinity and, hence,

the modulus of the resultant copolymer can be adjusted. Some characteristics of '_he

three Hytrels used in this study are shown in Table 1110). Note that all the



Hytreis nave noduli which are significantly :ower than baoth =97 and nylon UI.

Comosites were prepared in the same manner as -he 7.7'=37 materials except :hat

the oil bath was heated to 2200C and ooling to room temoerature was done over a

48 hour period.

After solid composites were fabricated, :,e mols were broken and the comoosites

were sectioned perpendicular to the rod axis using an electric diamond saw or a

hacksaw. The as-cut slugs were then sanded with 60 grit garnet paper followed by

polishing using 200 grit garnet paoer. All composites were -Inm thick in the fiber

direction.

Air-dry silver electrodes were applied to the two faces perpendicuiar to the

rods and the composites were poled at 750C in an oil batrh with a fieLd of

22kV/cm for 5 min. After the composites were removed "rom .he bath. C hev were

allowed to cool in air under a field of 7.3 kV/ca for '0 minutes to prevent decoiirg

during cooling. The poled comoositis were aged for at least 24 Mours prior to

piezoelectric and dielectric measurements.

S. Measurement of Oielectric and Piezoelectric Zrcoerties

Oielectric measurements ,wer-. performed with a ewiett -ackarcl 4270A Automatic

Caoacitance Bridge at ik-l-z and - volt. d 33 was measured .ising a Serlincourt

Piezo d- 33,eter with rounded rains. The ratio of the diameter of the rams 'o the

center-to-center distance of the =ZT rods was 1.74. The d 33 was taken as "ne

average of 20 random measurements ,_0 on each electroded 3urface of :ne :omoosite) at

a ram oressure of acoroximately 35 :si. The Mydrostatic Ciezoelect:ic coeflcients

'3. and h) were measured by a tynamic metnod. The aoaratus

consisted *3f an oii-filled chamber n mnicn Me samples and a =Z- " stancar: of nown

In arnt g c are mmersec. The ressur? -si.ce ,'te vesset Nas r7asec ::c
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psi and alternating sinusoidal pressure cycles 'amplitude = 0.1 psi) were imposed

using an AC stress generator driven by a function generator adjusted to the proper

frequency. The sample (or standard) voltage was recorded on an oscilloscope display.

U1. Results and Discussion

Comparison of composite dielectric and piezoelectric properties with

conventional single phase materials can be found in Table 2. As expected, the

composite dielectric constants are low compared to that of PZT but, except for the

PZT/Hytrel 4056 composite, ; 3 3 values are greater than that predicted by the

rule of mixtures (theoretical K 3 = 64). Since applied compressive stress is

known to increase the dielectric constant of PZT (12) radial compression

between the rods and the matrix may be responsible for these results

Radial stresses may have originated from thermal expansion mismatches, mechanical

processing conditions, or polymer crystallization shrinkage.

For a more compliant polymer, stress transfer from the matrix to the PZT rods

should be more efficient than for a stiffer matrix. Thus, d33 would be expected

to increase as matrix compliance increases and this is seen to be the general trend

for the polymers examined in this study with the PZT/Hytrel 4056 and PZT/Hytrel 1000

composites exhibiting d3 3' s which are larger than some of the higher modulus

composites.

A somewhat surprising result is that dh increases as polymer modulus

increases. Since d increases as the matrix stiffness decreases, d3 1 must

increase accordingly. In general, as the compliance of a polymer increases, its

Poisson's ratio () increases and the enhancement of;d is thought to arise31' i

from stresses due to differences in Poisson's contraction between the phases

Although one cannot alter the characteristic modulus and ' independently

in solid polymers, one can lower both simultaneously through matrix foaming. Such

compliant, foamed composites would be expected to have outstanding hydrostatic

figures of merit. This has, in fact, been shown to be the case by Klicker, et al.

for PZT/foamed polyurethane composites



a

The hydrostatic piezoelectric coefficients 'or the PT, nylon 1. and

Hytrel 995 composites are smaller than those of PZT out similar to those ooserved
- am

previously for 1-3 composites with rigid matrices d . f or the. Hytrel

4056 and 1.000 composites are comparable to that of PVCF but consideraolv smailer than

the other composites presumably due to Poisson's ratio stresses. The voltage

coefficients of all composites are greater than that of PZT because the

permittivities of the composites are much lower than the values for PZT alone.

9h for the composites with relatively stiff matrices "PST, nylon '1 and Hytrel

995) are about an order of magnitude larger .han =ZT out, because of their ow

dh, the Hytrel 4056 and LO00 composites exhibit significantly lower values.

This results in ghdh for the composites with stiff matrices being about

five times larger than that of PZT and comparable to that of PVCF while the figures

of merit of the more compliant matrix composites are somewhat less than PZT.

Finally, no frequency dependence of d.n was observed for any composite from 30

to 160 Hz 7Figure 1).

IV. Conclusions

The piezoelectric figures of merit for composites with stiff polymer matrices

are about five times larger than PZT and comparable to PVCF. The primary reason for

the enhancement of dg, over PZT is that the comoosites Mave much lower

K values than PZT. An unexpected result was the decrease in dh as matrix

modulus decreased. Since d 3 was found to increase as the matrix modulus

decreases, !dM must be increasing as the polymer stiffness decreases. Th*e

enhanced component of d3 t presumaoly results from cifferences in moisson's

contraction between the phases and ultimately results in rsativeiy low figures of

merit for composites with compliant polymer matrices.
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,able 1. ?rapertias of H-y7rai Zopclymers()

D~nsi:7Modulus
Hvtre4. ?olvostar segments (4c) (- 2/(OC) (zm/cc) : N/n'

4036 %30 150 -80 1.17 0.24

1000 49 1.86 -65 1.19 1.4's

995 81 218 -5 1.23 4300
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Ftgure Caution

Figure s.1: d. of composites as a !=~c:±Ion of zest frequenc-!.a

a. PZT4/Nyloa -

b. ?ZfHyt-.a 995

C. ?ZT/?BT

d. ?Z,'Hytrei 1000
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L. Introduction

Piezoelectric composites have been the centar of much recent study'-

because of thieir Possible advantages over single phase piezoelectrics '.;.,

poLy(Yinyiiderie fluaride)(PVCF)J and lead zirconate-titanate PZ7) for !hyrochone

applications. The phase connectivity (2) :s a particulariy important parameter

which ultimately determnines the properties of a composite solid. For piezoelectric

composites made trom PZT and polymers designs which allow the ceramic to ze paiec to

saturation produce relatively !arge piezoelectric coefficients even for low -PZ7

concentrations.

One such motif studied by Klicker at al. consisted of slender Z7 -o(:s

aligned perpendicular to th~e electrode surface and surrounded by a th'ermosetting

polymer epoxy). These diphasic materials are designated 1-3 composites in the

'iotation adopted by Newnham, at al. (2 The numbers refer to the total

orthogonal directions in which each phase is continuous throughout thle object. In

this case th~e active phase ('PZT) extends continuously in one direction, while the

polymer matrix spans the composite in ail three orthogonal directions. <licker at

al.'s PZT/epoxy composites have hydrostatic "fiures of meit acut an order of

magnitude larger than homogeneous PZ7.'13 In addition, these mnaterials have ow

densities 4C < L/c),which provide for better acoustic coupling to water thian 3Z7

3z-7.8 &/c= ), and are flexible relative to PZT ceramics.

Even though the major improvements in properties for these composites over PZ7

ceramics can be traced to the polymeric phase, few polymer systems 'lave been studied

as possible matrix materials. Furthermore, only thermosetting oclymers :..

coxies and ooiyurecharmes) nave teen emoioyed previously in 1-3 -comoosites. Because

the mechanical and physical properties of :,olymers --an varyi Aotddy, and tecause

14)theory suggests that matrix mechanical p)rcoerties should' strongly affec:

:omoosite piezoelectric response, we have fabricated camocsitas Nith a 'iarietv of

thermoplastic .alymers. -iis oaoer c-escrites our nitiai st-,dies on ostre

'PS1/Z-and zo'k-,,mec.ivi mechacrv.taca;' _.A/T 3 :,moosites.



IL. Background-Theory

Piezoelectric materials experience a polarization P) due to an applied

stres (a). The Piezoelectric coefficient (d) is a measure of the polarization

produced per unit stres. Under hydrostatic conditions, the piezoelectric

coefficient is given by:

d h = 33 -. d3  (1)

where the subscripts are the reduced notation for designated directions in an

orthogonal axis system. The 3 and d-3 coefficients refer to

polarizations which develop along the poling axis 'i.e., the 3 direction) due to

applied stresses parallel and transverse to the poling direction, respectively. :or

PZT, d is opposite in sign to and approximately one-haif of d 3;

therefore, dh is small. The hydrostatic voltage coefficient (gh, is

related to dh by:

-33

(2)

where is the dielect ic permiittvity. Since dh is !ow and the

permittivity is high for PZT, the voltage coefficient, which is important for

hydrophone applications, is very low. For a hydrostatic transducer material the

dhg h product is considered to be an all-encompassing "figure of merit".

A simple theory to describe the piezoelectric coefficients of composites with

1-3 connectivity has been described by Skinner, et al. The theoretical

piezoelectric and dielectric coefficients are given by:
'2 - . 2

Z

d 33 33 33
d33 3

33 33

4)"v 33j2 .

3: " 1 -5)

-2 "S --

i2 2
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where v and 3 are the volume fraction and elastic compliance, respectively. The

superscripts refer to phase I (PZT) or phase 2 'polymer), and the bar represents the

average composite coefficient.

Equations 3 through 5 can be reduced by considering that most polymers are

non-piezoeLectric ( i.e.2 d3 3 '2d31 = 0), and possess relatively low dielectric

perrnittivities ( £ 33>> )" Therefore, equations 3-5 become:

2. v 33 JI33

23 1 2V 33-6

1 (7)
31 V 3

V 3333 -33

Since most polymers are much more compliant than PZT j.e., 3 >>i 3 equation 6' 33 "33

further reduces to:

" - 33

In this case, all of tie. force in the fiber direction is borne oy the ceramic rod

elements. However, if" <<2 , this approximation to equation 6 is invalid.

Ey combining equations 1,6, and 7, the hydrostatic piezoelectric coefficient is

obtained:
L ~33 33', , 33 -' L

n 2 32 - - : ,

33 33 11.0)

Figure I shows how d.hhvaries as a function at v according o equations 2.3 and

10 for several values of natrix compliance. For low concentrations of 3ZT, z. hs

predicted to vary significantly as the -atrix comoliance changes.

Several modifications 'o Skinner, et. al.'s -,oei nave teen suggested

, < icker -as snown n at v ot -ecessaruv ecuai "c 'e -33 .



of PZT, but is a function of PZT rod diameter and volume I'laction, comoosite

thickness, and. matrix compliance. Additionally, the internal forces arising from a

difference in constriction between the phases through Poisson's ratio produce an

enhancement of d u31!wver that predicted by equations 4 or 7' These

considerations lead to the conclusion that p predictions based on the Skinner et al.

approach are overestimates for 1-3 PZT/polymer composites.

Another important internal stress is that which is due to a mismatch in thermal

(7,S)
expansion (or contraction) between the constituent phases . Polymers have

coefficients of thermal expansion which are at least an order of magnitude :ar;er

than PZT ceramics. Therefore, large compressive stresses can develop at the

interface of the resin and the PZT rods. These stresses may alter the piezoelectric

and dielectric response of composite piezoelectrics. Furthermore, stresses related

to curing or polymerization may also be of consequence.

Il. Exoerimental

The preparation of the PZT rods ued in this study has been described eisewhere

All rods were I.-mil ','35m) in diamecer and were prepared from PZT

501A Ultrasonic Zowders, !nc. South Plainfield, NZ). The sintered -ods Nere

aligned in racks which consisted of two parallel plates of aluminum foil seoarated by

'2cm. Each plate had an array of perforations through which the rocs Nere :nserted to

be held in place during polymerization of the matrix in order to .nsure the procer

volume ',action '4%) of PZT for all composites.

tn-situ polymerization of liquid monomers -as the most c-nvenient metvod :c

prepare composites tecause of .. e fragile nature of ', e PZ. racs. 7'e .icuLc

monomers "styrene and methyl methacrytate) were purified bY vacuum :is:::at;.n :r:r

to wse. PoLymerizatzon vas initiated by . weignt zercent :enrzcv. zerox:oe.

Oreooiymer 3yrUos 1pcLymer in iionomer;' vere -reparec ,v 'eatr. :-e mcnomer-,rit;at:r

systems at '0_ for .5 -ninutes and then :ooiing the -nixtu..re :c "::m

.emoeratur-. 3v ..sing a irecotymer, "the resultlng :crroosites Were ':trc : :e

essentiaily ,otc 7-ee.
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Composites were then fabricaCed by placing filled racks of PZT rods into glass

molds and pouring a given prepcolymer into the mold until the rods were suomerged in

the liquid and covered over by -4cm. The molds were t.hen placed in an oven

maintained at 50 C until the polymer solidified. Additional ieating to

90 C for one hour completed the polymerizations. After the molds were removed

from the oven and allowed to cool, the glass mold was broken and the composites were

sectioned perpendicular to the rod axis using an electric diamond saw or a hacksaw.

The as-cut slugs were then sanded with 60 grit garnet paper followed by polisming

using 200 grit garnet paper. All composites were 4mm thick in the fiber direction.

The glass transition temperatures (T) of the matrices were determined with a

Perkin Elmer OSC 2 equipped with a Thermal Analysis Oata Station. The T of

both the PS and PMMA was found to be approximately 1000aC.

Air-&y silver electrodes were applied to the two faces perpendicular to the

rods and the composites were poled at 750C in an oil bath with a field of

22kV/cm for 5 min. After the composites were removed from the bath, they were

allowed to cool in air under a field of 7.5 kV/cm for 10 minutes to prevent de-ooiing

during cooling. The poled composites were aged for at least 24 hours prior to

piezoelectric and dielectric measurements.

Dielectric measurements were performed with a Hewlett Packard 4270A Automatic

:apacitance Bridge at 1kHz and I volt. d was measured using a Berfincourt. Oiezo
33

d 3-,Meter with rounded rams. The ratio of the diameter of the rams to the

center-to-center distance of the PZT rods was 0.74. The d33 was taken as the

average of 20 random measurements (10 on each electroded surface of the composite) at

a rm pressure of aoproximately 55 psi. The hydrostatic piezoelectric coeffIcients

and were measured by a dynamic '9) method. The apparatus

consisted of an oil-filled chamter in which the samples and a =ZT standard of <rown

I, and were :mmer-ed. The pressure inside *he vessel was raised to 2^0

osi and alternating sinusoidal pressure :,ycles 'amplitudel 0.1 si) were mcosec

usinq 3n AC3t5ss ;ereracor :r,. iel ov a :u,c.tot -enerstor ac'sec:te -r-.oer
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frequency. The sample (or standard) voltage was recorded on an oscilloscope display.

After the composites were tested, they were annealed at 95 0 for 15 hours

under vacuum followed by slow cooling to room temperature. The annealed composites

were repoled in order to ensure saturation poling of the PZT rods and then retested

as described above.

IV. Results and Oiscussion

The dielectric and piezoelectric properties of the PZT/PS and PZT/PMMA

composites are summarized in Table 1. As expected, the composite dieectr~c

constants( KC3) were considerably less than that of PZT .KC 3.650C. The value of K
3333 *33

predicted by the simple parallel model for a 4% PZT/polymer, 1-3 composite is 64.

The PZT/PS composites approached the theoretical value; however, the PZT/PkAMA

materials far exceeded the prediction. Cne possible explanation for this discrepancy

may involve cracking or crazing of the PS matrix. Examination of jnannealed PZZT/PS

composites under a Light microscope- revealed crazes 'or cracks) emanating radially

away from each rod into the PS martrix at the electrode surface. No such cracks were

observed in PZT/PMMA samples. Since applied compressive stress is known to increase

the dielectric constant of PZT (1 0 )one would expect K 33 of *the PZT/PS

composites to be less than Z 33 of the PZT/PMMA materials if the cracks acted to

relieve interfacial compressive stresses.

The presence of internal stresses in these composites is further supported by

the decrease in the dielectric constant after they were annealed. If the annealing

process acts to relieve some radial compression between the rods and the matrix, then

the dielectric constant would be expected to be lower than the K 33 before

annealing. Presumably, the radial stresses resulted from thermal excansian

mismatches, mechanical processing ',cutting and polishing), or polymerization



shrinkage.

The simple Skinner, et al. model predicts that the 33 for composites mith

matrices of the same stiffness should be the same. Since PS and PMMA have rougniy

9 2
the same elastic modulus -3x0' I/= ) it is not surprising that 3 ;s similar33 i i ia

for both composite materials. -However, the predictedd 33 values are three times

greater than those observed. C!eary, transfer of applied stress from matrix to roas

is more complex than allowed for by the simple parallel model. rf the effective

matrix region of influence on the rods is less than the total matrix area, then the

amount of stress experienced by the rods would be less than predicted by :he Skinner,

et al. model ) This would act to decrease d relative to the33

predicted value.

The standard deviations of 3 33 values obtained from a d 3 3 -meter

,.sing rounded probes gives an indication of the relative piezoeiectrc homogeneity of

the composites. For the composites tested here the standard deviations of the

'33 measurements were similar. Again, considering that the matrices used in this

mark have similar mechanical properties, this result is not unexpected.

The hydrostatic piezoelectric coefficients (dh) reported in Taole I are

smaller than those of PZT but similar to that observed by Lynn for the

PZT/epoxy system. The voltage coefficients are roughly an order of magnitude larger

than PZT because the permittivities of the composites are much lower than the values

'or PZT alone. This results indh h being significantly larger than that of PZT and

comparable to that of PVCF. Also, no frequency dependence of dh ,mas observed

from 30 to 160 z Figure 2). Annealing was found to improve the piezceiectric

coefficients 'espec:ally3 due to a significant decrease nK 33"

3.Composite densities are roughly ".Ag/cm :alculated), mnich s

considerably lower than the 7.ag/cm 3 of 3Z7. -ow tensity materiais orvice

better acoustic couoling :o an aqueous envirsnment "hian -nes -f nign :ensity.

Therefore, these ty es :f :omoosites may te jsefu,.l as shal,-w-,vacar ,v=r:crcres -r

-or meoical jitrasourd aociicat;ons.
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IV. Conclusions

Com1osites of uniaxially oriented, continuous PZT rods embedded in polystyrene

or poly(methy methacrylate) matrices possess hydrostatic piezoelectric coefficients

somewhat lower than that of homogeneous PZT. However, hydrostatic voltage

coefficients for these materials are approxim ately an order of magnitude Larger than

the ceramic element. Enhancement of is primarily due to te reduction of K

over PZT. Further enhancement of the piezoelectric response can be accomplished by

annealing which further reduces K 33" The d 33 values and the standard

deviation of the - 33 measurements are similar for both types of composites.

Predictions of the composite piezoelectric coefficients based on the Skinner, et. al.

model are qualitatively correct but quantitatively overestimated.
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Figure eaotions

Figure I. Theoretical plot of log a as a function of

volume fraction of PZ-v). Curve I corresconds to 2,

=10"7m2/N; for curve 11, Zj 3 3=10 -9 m 2N;
and for curve 1, 2 j 10 102N.rken

line represents the dhg h for homogeneous PZT.

Figure 2. Piezoelectric response of PZT/PS and =ZT/PMMA comoosites as

a function of frequency.

(a) Unannealed.

(b) Annealed.



Table 1

?iezoelec-r±c ?roperti±es of -3 Composices and Single ?hase Materials.

.. C?±I Dni~ 33 33 Ih -"h

(10"1 2 C/N) (!0 1 C/N)j (10- 3 7-m/N) (10-12 N)

790
PZT/PS 1.32 70 110 92 36

1- 6

?ZT/PS 1.32 54 1 16400130 2,6004
(Annealed) 18

?ZT/P?..A 1.46 13128 25 700

?ZT/PI.4A 1.46 100 125 35 39 1370
(Annealed) +

-21

?ZT 7.9 1600 400 50 4 200

?VDF 1.8 12 30 11 104

?ZT/Epoxy i4 97 I 32 51 1630
(Ref. 9) I

* 4.

Errors are - one standard deviation.

-scI - -r a ai 2 anZsc~ma~ed errors ar: -. .2%, g.h" .6%, arid h - "%
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RESONANT MODES OF VIBRATION IN PIEZOELELTRIC PZT-POLYMER
MPOSITES WITH TWO DIMENSIONAL PERIODICITY

T.R. GURURAJA, W.A. SCHULZE AD L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

B.A. AULD, Y.A. SHUI AND Y. WANG
Department of Applied Physics. Stanford Uiversity, Stanford.
CA 94305

Akstrct-High frequency resonance characteristics of
piezoelectric PZT rod-polymer composites with 1-3
connectivity have been investigated. Electrical admittance
plots and laser probe dilatometry of the dynamic displacement
on the composite as a function of frequency are used to
interpret the vibration pattern of resonant modes.

INTRODUCTI ON
Piezoelectric PZT-polymer composites of different

connectivity pattern have been investigated to evaluate their
adaptability as ultrasonic transducers for medical applications in
the low megahertz friequency range1. Among all the different
composites, those with PZT-501A fibers embedded in Spurrs epoxy
(Polysciences, Warrington. PA) matrix with regular periodicity (1-
3 connectivity) appeared to be very promising for this
application. The present paper is a brief report on the high
frequency dynamic behavior of these composites in resonant
configuration aimed at understanding their physics and possibly
extending their usefulness in devices other than hydrophones.

Samples for the present study consisted of fired PZT-501A
fibers (diameter - 0.45 mm) arranged in square lattice and
impregnated in Spurrs epoxy matrix. Disc shaped composites
(diameter - 1.9 cms) with 5, 10, 20, and 30 volume percent PZT
were cut and ground to proper thickness and poled at 20 kV/cm.

THEORY
Resonance modes which can be expected in a cylindrically

shaped composite are: fundamental radial and thickness modes and
their overtones, and possible resonant lateral modes due to the
regular periodicity of the PZT fibers in the composite.

Radial mode resonance is mainly determined by the effective
modulus CT normal to the fiber axis and the average denisty of the
composite. The effect ve modulus CT was calculated by the Reuss
constant stress model . Similarly the thickness mode resonance
is defined by the effective modulus CL along the fiber axis and
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the average denisty of the composite. TMe effective Todulms C L
was estimated by the Voigt constant strain model .For the
effective modulus calculations, elastic stiffn Iss of the fib 16
pejondicular to the length was chosen to be C1 1  12.1 x 10

Dto1.zN/a and along the fiber axis Young's modulus E - 1IS3 3 -1.

1010 N/rn2 was chosen. For the epoxy, the modulus was determined to
beI 4 .7 110 Nlam.

At wavelengths comparable to the %nit cell dimensions Of the
array, the analysis is more complicated. A Brillouin theory Of
elastic wave propagation in a two dimensionally periodic lattice
correspond i ag to composites with 1-3 connectivity has3 been
developed . For laterally Propagating shear waves with
polarization along the f ibers, the lowest stop band frequencies
have been calculated.

EPI30WNAL EVA.LIAION OF RESONANCE NODES
Absolute value of electrical admittance was measured on

samples as a function of frequency in the ambients of air and
water using a spectrum analyzer (HP-3SSSA). Here samples of
different thickness and volume fraction were examined to identify
the different resonances observed in the 0-2 MHz frequency range.
The three major resonances of interest are designated as fit ftlo
and ft: as categorized in Table 1. To analyzea the nature of
vibration at these frequencies. detailed laser probe measurement
of actuMal mechanical displacement on the composite was performed

4
by laser heterodyne technique . Frequency scans Of the ultrasonic
displacement at Several points on the composite were combined with
automated position scans across the diameter of the composite at
frequencies fl, ft. an f to study the vibration pattern.

The resonance frequency f1 Iwas inVersely proportional to
ttickmess of the sample. The vibration on PZT fiber was in phase
with that Of the ePOxy. For samples resonating at low frequencies
(=300 IZ), the amplitude on the rod was only a little bit smaller
than. that on the epoxy. The resonance was heavily damped when the

Table 1. Resonant Modes in PZT Rod-Polymer Composites.
%"-~ % 9W""44f 4 LA e tI 1 6 N .6 Lo C6 %; Ult f ?I~ -A ,S

.00 112 401 do Usu

S1.74 4.11 1" 49 - Las? ?90

3.9 U 2 417 4 IS .9 79M

3.J4 140 491 19 1471 894M

1.4 Of.s2?ac

l3a 344 128 - 14 l

4.60 41 o .Am Lids 'I

2 .13.1 II its -L Ls It41

1. is 174 1111 - 424 Is?
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Figire 1. Pliii. Veli-ies for Figure 2. Unit cells in
PZT-fiber-polyer the composite.
composi tea.

resonator was immersed in water. Such a behavior suggests that
this is the longitudinal thickness mode. Longitudinal velocities
of sound along the fiber axis calculated using the resonance
frequency agree very well with the theoretically estimated values
for the composites of different volume fraction (Figure 1).

Resonances at ftl and ft, are quite similar in nature. For a
certain volume fraction the resonances always ocL..r at specified
frequencies immaterial of the thickness. This observation
indicates that the two resonances are due to transverse
periodicity in the lattice.

The vibration pattern at ftl can be explained by referring
to Figure 2 which has four unit cells. At this frequency all the
rods vibrate in phase. The vibration amplitude A at points a. b,
and c in Figure 2 follows the relation Aa Z Ab >> Ac. The phase
difference between points a and b was found to be 1800. The
observed behavior can be explained by the superposition of two
standing shear wave patterns of wavelength equal to the lattice
periodicity (d) existing along both x and y axes. This resonance
corresponds to one of the stop bands predicted by the theory.
Velocity of transverse shear waves, Vs = dftl, is tabulated in
Table 1.

At frequency ft2- the amplitude A at points a. b. and c
follows the relation A > Ac > A a . Points a and b vibrate in
phase and there is 180 pliase difference between the vibrations at

points b and c. Superposition of standing shear waves along the
two diagonals explain the observed vibration pattern. This

lateral shear resonance along the diagonal fits a predicted stop
band. Again the transverse shear velocity is calculated by the

equation Vs - dftz/V2. The calculated shear velocity is about 251%
lower than the measured velocity in epoxy by the transmission

technique (1050-1100 m/sec). This is quite possibly due to the
mass loading by PZT fibers.

The thickness coupling coefficient kt and Q of the composites

are given in Table 2. The data is mainly divided into two groups.
Thin samples with thickness around 0.6 mm resonating around 2.25
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MHz and thick samples with Table 2. Thickness Node
thickness above I mm with Zesonaace.
resonance frequency around 500 oThlsas t... , t

iIrz. In thin samples, the a
resonance frequency is much TIn 37.1 5.1

higher than that of the strong 3
lateral modes. Therefore, the
PZT fibers can be pictured as IT 64.4 7,0

vibrating independently resulting Tki 44.0 ,3.7

in k close to that of PZT. The bi, M. 9.9

low a indicates that the PZT rods I*
are partial7 damped by the This 33. 1 1,.1

surrounding polymer. For thick This - -

composites, the resonance is T.

close to the lateral modes and
the vibration of PZT fibers is laterally coupled through the epoxy
as evidenced by the uniform mechanical displacement across the
sample and is indicated by low k t . The high Q for thick
composites is a result of very low attenuation losses in the epoxy
: t around 0.1 XHz.

The radial mode coupling coefficient k was 22% for 5% PZT
composites and increased to 27% for 301 PIT composites. The
transverse longitudinal velocity 7 T calculated using the resonance
frequency and the diameter of the composite is compared with the
theory in Figure 1. The large discrepancy between the calculated

and measured velocities of transverse longitudinal wave is
probably due to the finite diameter of the PZT fibers. Elastic
stiffening by the PZT fibers is provided only at discrete points
in the composite, and the approximations in the leuss model are

therefore not completely valid.

PZT rod-polymer composites with 1-3 connectivity have, in

addition to thickness and radial modes, complex lateral
vibrational modes due to the periodicity of the lattice. The
correspondence between the theory and experiment for the lateral

modes is remarkabl7 close. The thickness mode resonance in

relatively thick composites follows the Voist constant strain
I mod*' .

1. T.i. Gruraja. l.A. Schulze, T.R. Shrout. A. Safari. L.

lebster and L.E. Cross. Ferroelectrics 19, 1245 (1981).

2. S. Lees and C.L. Davidson, IEEE Trans. on Sonics and
Ultrasonics, SU-24, 222 (1977).

3. B.A. Auld, T.A. Shui and Y. Tang, Internatibnal Conference on
the Dynamics of Iaterfaces, France (Sept. 1983) (to be
published in the Tournal de Physique).

4. B.A. Auld and 3.A. Mankel. Ferroelectrics, .3, 9",I,1).
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THE INCORPOt1ATION OF RIGID COMPOSITES INTO A CONFOMIAL
HYDROPHONE

W. SCHULZE, G. DAYTON, D. LAUBSCiE , L. WEBSTER, E. BBEAU,
R. MILLER, 3.J. KEAMNS, S.R. 3Pr.TN1, D. CROSS, :I. HAUN,
A. NARTHAS!LPA, B. JONES, A. SAFAI, T. SHROUT, S.-Y. YNN,
R. WILSON A.ZD J. BIGGErtS
Materials Research Laboratory, The Pennsylvania State
University, University ?ark, PA 16802

Abstract During the past five years, numerous composite :on-
figurations have been analysed for hydrostatic transducer
application. Although some of these composite configurations
have been flexible, a configuration wilh good sensitivitv and
mechanical durability has not bee produced. The need for a
sheet or mat, large area transducer that will conform to the
hull of a ship has led to the incorporation of small rigid
composite elements into a macrocomposite. The goals set for
the conformal transducer were sensitivity greater than -200
dB re I V/uPa, operation to at Least 7 !2a, maximum frecuency
of 100 Hz, conforming to a 0.10 m radius and a hydrophone sec-
tion of at least 0.01 Mi2 .

In the study three types of rigid :omposites are used :o
determine :he effect or compliaat hinge macerial and flexible
electrodes on the hydrostatic sensitivit--. :vypical response
of a 1-3 rod composite in flexible form is a sensi:ivi-:, of
-193 dB re I V/,,Pa, with a caoacitance of .. per m- and
only 2 dB degradation when operating at 7 ::Pa.

iNTRODUCTION

During the past five years :he Ferroics :rouo at -he .:a-erials
Research Laboratory of The ?ennsvlvania Scate Univers i:-; has -_neo-
recically and practically explored the use of ooly-er zeramiz zopo-
sites as hvdrostatic oressure sensorsL. Ac.vances -n :he :esi n
these composites have made :hem interesting zancia:es - replae
traditional tube and sphere based hvdrouhones -or a-'_ns:- a
cover large areas and recuire :0MoorabD:;. A :-eze 'e-- --
posi .e approaches the probLem orf :e low hvoro-:--i2 sensi-.
?ZT (lead zirzonate -i:anace) in a Tanner -:-la. toth-tse -
existing hv.droohones. 3o:h :evies inrease :.r:s'a: sens:::. -

by decouoLing the longitudinal anc :ransverse s-resses.
Although ?ZT has large oiezceleo-r:i: :harge :oear:-l-_- :7

and d 31 ,3 is :he poling :ireo tin,, te ':r:s 'i -- ar~e ::e
cient (d h ) , hizh is :he aun of '' .s . is :s because
133 is opoasi:e :n sign :," wi: anc ecua " re
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:wice i:s magn :ude. :n a properl7 esined ::mpos::e, shcuc
be Dossible :o decouple :he d33 :=mponer: from dij, enhancizg :,
while scill mcainaing a strong monolI:hi: device. ';ork wi:h
composite hydrophones maceria has demonstraced :he additional
advantages of low densi:y, low oermi:tiv':7, :he possi.bi:7 or
increased resistance :o =echanical shock and also :he :ossibili:'
of fabricacion in flaxible -'or=.

DESCnITION OF TDROPHOWE

Our goal -was to prepare :rial hydrophones -hat .;ere :onforaba
and had a moderace area of 100 .m2 . Evaluacion of :he various one,
wo or three dimensionally connected ?ZT networks has iadi.cacd :hac
most :ruly flexible materials are not physically stable wi:h res-
sure cycling and have propertias ".hac continuallw change with
flexural cycling. For this reason :he flexible composite trans-
ducers were limiced to solid macerials chat are hinged :o make a
flexible shee: or a composi:e-composi-e. These hydrophones ,,ere
prepared from :hree of the mosc promising composite :ecnniques: a)
a three dimensionally connecced ?T-epoxv composite known as 3URPS;
Cb) a one dimensionally connected ?.ZT rod assembly 'i-3-0) held
together by epo.y loaded wich glass spheres3; "c) a shape (3-2
:hac is basically a ?ZT cube with a cylindrical hole pernandicular
to the poling direc:-on4.

Each cest hydrophone was 1/16 -he aormal ac:ive area or 2.,x
2.5 cm and has a thickness or about 0..3 cm. 7he device is flexible
enough co bend around a 4 cm radius. Figure 1 shows a zross-sec-:orn
of this design. The active-elements comprise approximacael v Q of
the hydrophones cocal area and are held together by insulating
polyurechane which 4ives the device its flexibili:v. ?olyurechane
and ocher viscoelascic polymers have a poisson's :acio of 0.5 ann
therefore are hydrostatically stiff. This was shown :o be a oro-
blem when using poiyurechane as :he macrix 4n .-3 composites, and
was also found :o be a oroblem when used with chese very large
cross-section blocks. To alter the ooisson's racto, :he oolyura-
chane was filled wich glass balloons, polvechy! nechacr lace spheres
or gas bubbles.

"i.,ure .. :ss-sec:.cn :c ::=_xi..e :r-ans&..z_.

CM-ICIONOi M CI)41AD yoWA
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The electrode of a flexible composite must endure numerous
bends and still maintain a low resistance. In-house experimencs
with various conductor loaded organics have led :o the selection of
a dual electrode syatem. First each rigid element (hx4 m) of :he
hydrophone is electroded with highly conducting silver fri: or
silver epoxy to give a very low resistance across the surface.
These electrodes are then tied together by a layer of carbon loaded
polyurethane. The carbon loaded polyurechane bonds very well to tae
polyurechane connecting material and has sufficient conductivity
(5x0-2 -Icm-l) to allow a frequenc- response to about -00 Kz
depending on :he capacitance of che elements involved.

The outermost layer is for :he purpose of elec:rica: insulacion
and chemical protection from :he environmen. This Layer has re-
mained the same in all :he designs and is the most flexible of :-e
polyure:hane series used.

The merits or the three sensing materials were 4udged :o be
a combination of sensitivity, durabilir-;, and ease of fabricaticn.
A fourth criterion, flexibilizy, is held constant in :his stucy.
The levels of the device response as given in Table I depends :n
the conneccivitc of the composite and on :he properties of thm
components. The materials used in :he following zomposires are not
proposed as a maximized zombinacion but only as :he best componencs
selected from a relatively limi:ed number available a: our :acili-
ties.

The ?ZT used in all :omvosi:es will be :Ve 0iA oroduced by
Ultrasonic ?owders, :nc. Depending on the inter-al pressures genera-
ted, a different :v)e or material nav increase sensitiv4:- or stabo-

lity but this ?ZT should be a good comoromise for :he initial sam-.-
ples produced in :his study. Even though che green processing and
fired shapes are markediy different, exoerience has shown the oro-
perties of the ?ZT to remain relatively constant.

Table 1. ?roperties of composi:e macertals.

CCMPOS TIES

4atarials 'oeries

3URPS 400 4.3 45 300 40

1-3-0 Ica 1.3 55 52 24cC

3-T acro-
comaosite '0 s.3 90 co
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DISCUSSION OF SPEC::-C CCTOS': S

3-L :acrocomnos4:e

This composite is one of the more recent des ins ar4stng from
the consideraction for mass production (ex:rusion) and :he 7eatiza-
:±on chac a cocal7 rigid electrode area transfers :he max-.um
force co the active element while providing a s:ifening agains:
the transverse (d3l) stresses. The original paper and =his s:ud7
uciize par:s produced by ultrasonic drii =±g, tu :h4s should 'oe
replaced by ex ruding a slug of ?ZT wi:h a :71 dr4za1 hole. The
:ube may :hen be ouc :o nesired :engch. A oe--::ivi:r of 950 and
a density of 5 make devices using :his matar' the heavtes: and
:he lowest in elec:rical imvedance of :he :hree :cmposi:as prooosed.

1-3-0

This design is :he most diffinul: :o fabricate but also is :he
system w-ith :he most versatili:. : is :his system :hat has been
zonscruc:ad as a raurallv flexible material al:hough more s:'ud
is -eeded :o develop a non-dispersive flexible poo7mer :hat 4s :
hydroscacically incompressible. The 1-3 zompos4:e Ln :his scudy 4s
a compromise be:'ceen a high gh for maximum sensi:Qri:7 ,-193 dB
re I V/'u2a) and an arbitrarv minimum caoaci4ance (K-100) of %1.200
zf. There is also a slight frequency and pressure dependenc7 of
abouc 1 dB for 0 co 1000 psi and 20 to 200 '.z.

The 3 'RS technology is perhaps :.he simplest :o fabrtcace. 7ne
solid material is produced by convenctional powder, slug fabricarion.
Once :he pores of -he :hree dimensiona ?ZT nec:-ork are v -" ':n
a polvmer, the maceraal probably also becomes :he most rugged of
:he candidates..: :an :hen be zuc and shaped ":n orma :ac n.n..
:echniques. -lec:roding is done wi:h zonduc:ing epox: and "e ma:er-
ial is poled cc saturation ac *20C.

The sensi:ivi:y of :he 3BLS composioce 4s :ne L wes:" -203 iB
re 1 7',uPa) of -he :hree 'uc has .:.:.e pressure sensi:i::- even
co 1000 psi. The oermi::i'zi:v of -00 is suffinient :o S:.e 3.3n
capacitance per L0xl :ie.

RESU-LTS AND DzSCUss10N

As was found when expLoring -he response :f :-3 :o:.osi:es,
the marix (hinge) :an strongly influence :he reszonse :' :he ? -
iin :his zase -he :omoostoe). -he -:30 flexane -.s more :::mz an:
:nan :he :i60 flexane and s .oe_.eved :o Ioe h7Iroscac:.a. s..::er
,Potsson's -acio near 3.5> . s :an 'e seen _ a-n .... Ze :'3
flexane alwavs reduced :he :esconse :6 :-e _comoos :es anc Lna
case w.ere o.ne ?Vure:nane , :"d -e --no: of :ne 1-. -ne

gh was :educec :o almosc :-a: ap saZe: . soears :na: :-e
hvdros~a :.ai....-; -.L nnge .acar.a soz.:ens :ne :e','ce an: :encies

stress from :n-e rnc..
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:abie 2. ?roperzies of :rial sn-ee: jv-raohcnes.

.A IPIa C43U1 "D 33-2 5 I io

Ifla -iMU 4 . 0 30 V. 326

,A 334 1 1 430

'U 3 'a .i30 M2 i 3

302 -. .3 '3. V.01 1

Hvdrostacizally so: f.:er -were 1 z ed : reduce :ne a
modulous of :ne :-'30 fl-exane :o produce a ax:~ iaannge :na: would
not :limi: :he hvdroscac... resnonse 0: :hne zomrcsi:e e..ements. -

:nree :vpes of fi-2ers -were a, gas obbolas; o) pco%-echl ecr.
-ace (PI1ff) st~heres and -'?ass alloons "B). ASecond :zu :y
oe--ame evident whien --sing :ne auobes. ::,e ainge -s -!er. sc:3:
--he sti::: zar~on fiber elect-rzde ac:s as a a,_agahr~g lmen-_
and the zomposize appears :a h-ave a rescnse larger :han n ra- a:
.ow pressure. ThIs effec: drops ,u: a: h,. ndrocs:a:i: prassu,-re
and :he devize has :he response of a solid4- n-ge A:ur~in
1000 psi most devices have -.-e Same resocrse at ou -0 3.he two solid fillers were szneri: a- oar:4:Les 4n :-e :r~ar-
100 -.m diameter and gave Similar Sensi~v: .ee..a~?

spheres were easier :o =-4i4 wi:hi :*-e ? :han :n-,am:rZca..oCr ':3
and gave =aore pressure stabLe results. Some off :he g. .n 'a-...es
recorded in 2file P is ac:ributed :o -ne -cr:cra::z4 o: na
air bubbles during n4iXing.

-.he ..- 3-3 elements Suffer :rim :he same :tlomnna S:'- s :"a
z-. omoosice. As exzected, :he z-- i',e a hi gher ao, sensi::.i-..

:nan :he 3--7 but lower dh aecause of the reduced ei:.
The dn and gh'-1 Product o: a'- -he Jev:-es .s '-were, ~n~:

erably from :he ac=ua- v.alue -f :'ne :o mposize boecause )of :-
increased devize area needed for :he hiing ma:er -a.- 7-e ur:
design uLses a 2'.2 7m wide hi-nge anc has more : I ar aaequa-~- --

ia..:.A reduction of :-ne -'inae wc :o m .,7u d.
and ;,,dh ay 58';.

Ai:hough ,nI: was nor- pcssible :o ma .K sernsi:-:- esrce
:_0 LO0 kz resonance measuramenzs -were mac e :' :-ne cae-

"'Iens and::-. wa:4zs. s7ne: : :nae nad a :nhi:ness
hae-dm~ei an --n. rmscnance a: - -- -7 caxh z~ sgn::a n : 7c-nc a a ci n zz -: a,-- -. n -2 1



I .gid composite hydrophone macer4-a :an be _4cor-orata,-,
inco a znzorma. sh~eet hydroorione wi- semsizi'n.:7 3reacar :6-an
-200 d3 and capacit:ance greater than 300 af,=2,

2) Re'duccian in b1xii.' dv ecreased hinge zhi:c=ess :an
sign-4ican:t.y increase sheer zaaac-4:ance or g-dh ?r~duc:.

3) Care must be given :o :hie hinge material to achieve a
flexibJ~e but sci±2. hyrsaiaL zomprassibLa mazartal.

.he authors vjis'n to acknowLedge the sornsorshri z)- : -e
of NavaL Rasearzh :-irougn concrac: C0---O.

R ~e .nham, L.,:. 3owen, E(.A. '.-UZzker azd -- os '!aa: r-a-'
n £nineertnR 2, 93-L,,6 -- ,980).

K.~. RU.::armyer, Shrou:, 'W.A. Schiulze and 7.. ;evrrm
:er-roeleccrics -'!, (1-9~2982).

3.K.A. CJ-4ker, JI.7. 3 1.ggers ana R.- Nlevnham, J. .'..e:-. -- rm
Soc. 54(l), 3-9 (1'981).

.. A. Sa.fart, Nevnham, I..E. Cross and ' .A. Sc'.u.....e,
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GRAIN ORIENTED GLASS-CERAICS: NW :!ATERIALS FOR HYDRCPHCNE
APPL:CAT:CNS

A. HALIYAL, A. SAFARI, A.S. 3HALLA A.ND R.E. .',,'NE-iA
Macerials Research Laboratory, T.e Pennsylvania State
Universi:Y, University Park, PA 16802

Abstract ' rain oriented glass-ceramics of fresnoi:e
(Ba2TiSi208 ) and its modifications Sr'ZTSi2O8 and 3a2:iGe2C8
have been prepared by recrstaillizing glasses in a :empera:ure
gradient. PMezoelectric voltage coefficients g33 and hydro-
static voltage coefficient gh of :hese glass-ceramics are
comparable to those of ?VF2 and an order of magnitude higher
than the corresponding values of ?ZT. These glass-ceramics
seem to be attractive candidate materials for hydrophones and
several piezoelectric devices. Hydrostatic piezoelectric
properties of a2TiSi20g and 3a2TGe208 single crystals are
also reported.

INTRODUCTION

it has been shown in our earlier studies i- 5 that the technique
of recrystallizing glasses in a temperature gradient can be utilized
to produce grain oriented glass-ceramics with useful ?yroe.ec:ric
and piezoelectric properties. From this technique, which is suitable
for preparing inexpensive large area pyroelectric detectors and
piezoelectric resonators, glass-ceramics with both cr.stallographic
and polar orientation are obtained. Several glass forming systems
like Li2O-SiO2, LiZO-SiO2-Ba03, BaO-SiO2-Ti02, SrO-SiO2-TiO 2 and
BaO-GeO2-TiO 2 were examined to obtain glass-ceramics with optimum
properties. The crystalline phases recrystallized from the above
systems were Li2Si2O 5, Li2B407 , Ba2TiSi209, Sr2TiSi2O S or 3a2Ge2Ti0 8.
All these crystalline phases are nonferroelectric and belong to one
of the ten polar point groups. One or more crystalline phases are
obtained depending on the original composition of glasses. ixten-
sive studies have been carried out to obtain glass-ceramics wi:h
good physical properties and to optimize the pyroelectric and
piezoelectric properties by varying the composition of glasses and
by adding several modifying oxides to the above glass composi:ions.
The details about the exact composition and properties can be found
in references 1-3.

in the present study, the hydrostatic piezoelec:ric ?rorerties
of glass-ceramics. of fresnoice (3a2TiSi008) and itS modifiza:tons
SrjZiZ08 and a2Ge2ZiOg are reported. The properties of
3a27iSi2O9 and 3a2TiGe208 single cristals were also measured. -he

hydrostatic piezoelectric coefficient ih , hydrostatic ".-o.:age
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coefficient gh and acoust+i impedances of :ese macerials are zom-
pared w ±:h commonly used aezoelec:ric naerials 1zU.ke Oead zirconace
:itanace (?ZT) and polyv'.ayledene fluoride [(CH2F2)M or ?V711. ne
advantages of glass-ceramics for hydrophone applications are dis-
cussed. :n the last section, an explanacion is given for :he high
value of gb in fresnoice single cr7scals.

SAPLE ?REPARATION AND M.ASQ.INTS

Glasses of differenc composi:ions were prepared by mixing reagent
grade chemicals and mel ing in a plarinum crucible. Glass-ceramic
samples of approximately 1 cm diameter wi.h ortenced :r' scalias
were prepared by recrystallizing :he glasses ia temperature
gradienc. X-ray di4fraction and =icroscrrcvure scud-es indicated
chat aeedle-like crVscals grow from :he surface into the bulk of
:he sample along :he direction of :emperature gradient. Fur:her
details about sample preparation and zharaczerizacion can be found
in references 1-3. Single cry/scals of Ba2iTSi20S and 3a2niGai0q,
I -m in diameter were grown from melts of scoichciomecriz composi-
:ions by Czochralsk± merhodo , '.

For dielectric and piezoelec:ric measuremencs, seccizns were cu:
normal to the temperature gradienc, :hen oolsshed and coated with
spucered gold elec rodes. The dimensions of the finished samples
were approximately I cm in diameter and 0.3 i n chickness.

The dielec:ric zonscant K and loss fac:ors o: samples were
measured at a frequency of I .z, using a Rewlec. ?ac'ard automated
capacitance bridge (Model 4270A). Th%,e piezoelec:crc d33 coeffi-
cient was measured wi:h a d33-mecer (Channel ?roduc:s, model CPDT
3300). The hydrostat±c voltage coefficienc gh was measured ny a
dynamic mechod 8 which is basically a comparacve technque. .n
this metnod, a ?ZT-3 sample of known value of is used as a scand-
ard. A.fer the sample and :he scandard are placed in :he holder,
che chamber is filled wi:h oil and a static oressure is aooliled. A
function generacor sec :o :che desired frequency drives an AC stress
genera o" placed inside the test chamber. The voltage produced by
:he sample is displayed on an oscilloscope and compared to :he vol-
:age produced by c.he standard. 3y Knowing -he voltage responses
and the dimensions of :he sample and :he scandard, we can calculace
:he oiezoelec:ric vol:age coefficien: gh of :he sam le. -om .he

measured values of d33, gh and K. the piezoelec:riz "vol:age :oe::.-
cienc g33 a d33/r0oX and hydroscacic .iezoelec:r4c zoeffclen: ic

ghzoK were calculaced.

COMPOSIT:ON OF GILASSES

:he zomposi-ion and zr-;sta.Lne phases of ilass-cera=mcs are
given L-n -able I along wi:n :heir zr7sca..izacion :moera:uras
determined by exocnerm:c peaks of DTA runs.

.or al' the systems examzned .-n :he oresen: s:.odv, -
merric :omposi:ions did .ioc give glass-ceramics ":ih good physica
and 3iezoeiec:ric 2rocer::as. 'enca :hce z oos4:,ons oi gasses
were oacimi:ed. r-er -o :ocain giass-:aramzs -- :.
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Table 1. Compositions and crystalline phases.

Cmoslt on Crystallizacion Crystalline
To ("C) Phases

23a0-3S ta Z 0 2  930 d 2 8TiS12 0
(1.9iao-0.lPbO)-3SiQ2-TO 2  920 Ba2TiSi203

ZBaG-Q. T5CAo-2.9SfQ2 - T fQ 2  920 8a2Tf5S 203

l.68a0-0.4Cao-2.S 2-T10 2  930 a 2 iSi 2 0
l.68a0-0.4Sr0-3S02 -T102-0.2ca0 930 Ba Ti Si 203

ZSrO-3SIOz-TO 2  950 Sr iSi 20

(l. 8sr00.2Ba0)-2.-Si02T0z -0.iCaO 940 Sr2Ti- i 2 03

SaO-GeO2-TiO 2  S00 Sa2T Ge20a

crystallization and useful piezoelectric and pyroelectric proper:ies.
The optimized compositions for Ba2TiSi,08, SriTiSi2O8 and BaiGeiTiO8
were 2BaO-3SiO2-T02, 2SrO-3Si0-TiO2 and Ba0-GeO2-TiO2 respectively.
Addicion of a small percentage of ?bO, CaO and SrO helped in obtain-
ing glass-ceramics with uniform crystallization and good mechanical
strength. The crystallization temperature of the glasses were in
the range 80Q-950*C. The crystalline phases of all the glass-
ceramics are also listed in Table 1.

HYDROSTATIC .ASURENTS

The measdred values of dielectric constant, d33 and gh are
listed in Table 2, along with the calculated values of 933, dh and
dhgh. The properties of Ba2TiSiaOg and Ba2Ge2TiO8 single crystals
are also listed in the table. A comparison of dielectric and hydro-
static properties of'glass-ceramics with the corresponding proper-
ties of PVF2 and ?ZT 501A is given in Table 3. The values of g and

Table 2. Hydrostatic measurements.

I'O"/ (103 YE/NI/) (1/0 VO-I aDN)

2SaO-3V02-1T12 9 7 88 110 8.8 170

(l.9BAO-0.PbOI) 3sI O T ( 2  10 7 80 110 9.7 070

ZaO. . 0-z.i O2 -T fO 2  70 6 68 75 5.6 500
(i.sa0-0.4caO)-z.as$0 2-7i0 2  10.S 6 is 8s '.9 670

.6 0-0. 4SrO)- MG2i02 Ti 2 -. Zt0 9.8 6 70 100 1.7 330

25ro-3sfo 2 2 TrfO2  11.5 14 138 as 3. " '40

(1.95rO-O.Z2aO)-2.8 1 0 2 -0.,1CaO-T 2  10.6 10 107 !00 9.4 940

318@ -TO2i 6 4s 70 9.3 iso

SaT1Si,02. tsin1e C rystal) 11 a a2 13o 2. 650
& f G*2 0 (Si le -r-Cystal) 11.4 a so 120 12.1 4S0



A. HAILZLIL, A. SAFARlI, A.S. 3HALIA, I.E. WTr,'E

Table 3. Com.arison.of piezo- dhoh Of glass-ceramics are com-
electric properties. parable :o :hat of ?'72 and much

higher :han :he corresGonding
values of ?ZT, Even :hough :he

Provrty Glass- PVF, "ZT values of d3 3 and dh Of glass-
ceramics are comparatively low,

10 13 1800 the magnitudes of 933 and gh
d 3(1()- C/N) 8-10 30 450 are high because of their low
4 310(, 12 C/14) *".S -18 -205 dielectric zonsanc - 0 . Acous-

h?0 " 1Z /N) 3-10 .0 0 tic impedance Z of glass-ceramics
w100 ere calzulated using :he rela-

3 WmN) "GO 100 25:ion z - c, where : is :he

-15 120 10 iens00:v of :he material and z
3s( I0 0s the veloci:v of sound in :he

Z100 rayls) 18-5 2-3 30 medium. Acoustic impedances of

glass-ceramics are compared .:n
those of ?'F2 and ?ZT in :able
3.

A2PLICATION M HYDROPHONES

A hydrophone is a passive device used as a hydrostatic pressure
sensor. For hydrophone applications, the commonly used figure of
merits are hydrostatic voltage coefficlenC gh and dhg h . For hydro-
phone applicatnons, .he desirable propert.ies of a transducer mater-
ial are:

i. Sigh dh, gh and dh h .
Z. Low densic7 for better acoustic matching wich water.
3. High compliance and flexibili:7 so that the transducer can

withstand mechanical shock and it can be deformed :o any
desired orofile.

4. So variation of gh with pressure.

?ZT ceramics are used ex:ensiveiy as piezoelectric :ransducer
materials despite having several disadvantages. Thae ralues of gh
and da h of ?ZT are low because of its high dielec:ric constan:
"',1800) and low dh. :n addition, the high density of ?T (7900
kaIl&) makes it di.!ficulc :o obtain good impedance matching w-:h
"ater. !Ioreover, for hydrophone applications, a more zompinan:
material with oe:zer shock resistance would be desirable. 7o over-
come the problems of ?ZT for use 4a hydrophones, a number of como-
sites of ?ZT and ool,,rmer -:h differenc zonneccivi:ies have been
studied !n recent years. 7ery high vzalues of g- and 1.gh have been

achieved with :-e composite approach.
However, among single onase catariais P?"F, seems:o be an a::rac-

-ive candidace macerial .-or hvdroohone a'-i:a-ions. " as a 1:W
density (L76, kg,,m) and i- is a fexlb ;e mazerial. ; incugh 4: has
Low d3 3 and dh, :he dielec-rc constant if :Lis =a:er"al is -:w
enough :hat large "alues of .ezoelec:rtz ,;o":age ce::iciencs ;]'

and gh are poss4ble. verali, :his zombinacion of prioer:as seems
to be "ver ac:-ac.:i'e and ?17-, has rac4vec :ne a--anz-on se.erai
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investigatorsI0 . However, the major problem in :he use of ?17F-2 is
difficulty in poling ?VF2 sheets. A very high vol.age is necessary
to pole PVF 2 (about 10 to 100 V/m) and :his puts a Limitation on
the thickness of PVF2 that can be poled.

From Table 3, it is clear that the piezoelectric coefficients
d33 and dh of glass-ceramics are comparable to those of ?VF,, but
much lower than that of ?ZT. However, values of g33 and gh'Of
glass-ceramics are much higher than that of ?ZT. Hence these glass-
ceramics will be useful in passive devices like hydrostatic pressure
sensors where mh is more important. The variation of 3h with ?res-
sure was measured for glass-ceramics upto 3 a. There was no sig-
nificant variation of gh with pressure. In practical use, glass-
ceramics may offer several advantages over ?VF and other :erroelec-
tric materials for application in piezoelectric devices as discussed
below.

Since all these glass-ceramics are nonferroelectric, there is
no poling step involved, which is a major problem with ?VF 2 . There
will be no problem of depoling or ageing which are commonly encoun-
tered in most of the ferroelectric materials. Hence, these glass-
ceramics can be used in devices operating at higher temperatures.
Large area devices can be prepared easily by routine glass prepara-
tion techniques and hence the cost of the device can be significantly
lowered compared to that of ?VF 2. Since acoustic impedances of these
glass-ceramics (18-20x100 rayls) matches with that of aluminum, they
can be used for non-destructive testing of aluminum. These glass-
ceramics look attractive for use in piezoelectric devices in which
glass fibers are used.

POSITIVE d31 IN FRESNOITE SINGLE CRYSTALS

The gh values of 3a2TiSi2OS and BaTiGe2OS single crystals seem
to be unusually high compared to most of the commoniy used piezoelec-
tric materials.

The hydrostatic piezoelectric coefficient dh is given by the
equation

dh - d33 + 2d (i)

Even though d33 and d31 coefficients of PZT are large (Table 3) its
dh value is low because of their opposite signs. Moreover, its high
dielectric constant (01800) further lowers the voltage coefficients
933 and gh (Table 3). On the other hand, for fresnoite, even though
d3 3 is low, dh is slightly higher than d33 because of positive d -.
In addition, because the dielectric constant of fresnoice is ver:
low (MO), the values of g3 3 and gh are very high. The posi:ive
sign of d31 in fresnoite was zonfi-med by measurement with a 3-
meter. A model has been proposed to explain :he positive sign of
d31 in fresnoite based In its crystal structure and interna-
?oisson's ratio stress -.
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COU&(LS IONS

(1) It has been shown that grain oriented glass-cerami±s 4n
the 3aO-SiO,-Ti0 2 , 3aO-GeOi-TiOi and SrO-SiO--Ti 0 syscems can be
prepared by crystallizing glasses of optimized :ompositions .n a
temperature gradient.

(2) Magnitudes of hydrostatic piezoelectric coefficient d.,
hydrostatic voltage coefficient gh and dielec:ric constant of glass-
ceramics are comparable to the corresponding values of ?VF2 .

(3) Acoustic impedances of chese glass-ceramics are 4a :he
range 18-Z0xi0 6 rayls and hence good acoustic matching can oe
obtained with metals like aluminum and commonly used 3!asses.

(4) These glass-ceramics are aonferroelec-ric and hence the
problems associated wi:h pol.Lg and ageing are avoided. A.lso, :hey
can be used in devices operating at higher temperatures.
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Polar glass ceramics for sonar transducers

3 ... Ting

(uderwater Sound Reference De a. sent, Naval Research Laboratory,

P.O. Box 8337, Orlando, Florida 32856

A.G. Halliyal and A.S. Bhalla

Materials Research Laboratory, The Pennsylvania State University,

University Park, Pennsylvania 16802

Glass ceramics are shown in this study as a new class of

transduction materials for application in sonar

transducers. It is found that the glass ceramics of

a2TiSi2O8 have high hydrostatic voltage sensi:±vi:y, low

dielectric loss and low dieleccric conscanc. These



properties are also shown to be practically independent of

pressure up :o 35 4Pa. The free-field voltage sensitivity

of a Slass-ceramic prococrpe hydrophone is higher than that

based oan a comouly used lead zirconate t:itaace (?PZ)

ceramic elemen:.

PAC: 43.88.Fx; 43.30.Tj; 77.60.+v; 77.20.-0

LZVMRDUC7ON

Since the discover7 of the ferroelectric barium titanate (34aT0 3 ) and

lead zirconace tiaoaca (?ZT) ' 2 ' ceramics have been rapidly repLacing

couvencioa. piezoelectric cz7s.a.ls for hydrophone applications, and now Z

ceramics are used almost exc.luv*I7 in the TI.S. Navy's sonar transducers.

Rowever, PZ ceramics suffer several disadvantages: the values of thei:

hydroscacic piezoelectric constancs are relatively low, and dielect:rc

constants very high. The density of these ceramics is also very high.

Furthermore, MZ exhibits depoling or aging problems as commonly encountered

in most of the ferroelectric Macera.1s. 3  Therefore, there has been a great

deal of Interest in recent years to develop new transduction materials that

offer improved sensitivity and aging characteristics. Several different

approaches such as PZT-polymer composites46 and piezoelectric pol7yner "5 Uave

been nvestigated. ,ecently a new family of materials (polar glass ceramics)

has been studied for pyroelectric and piezoelectric applications.5- ill 5iass

ceramics containing t:e crystalline phases of L. SIC, I 2 s'5' 3a*iS203,

3aie 2 Oz, and 7'234 7 were stown to exhibit Large pyroelectr~c responses

comparable to those of respective single crystals. These =carials a-so .ave

Low dielec:ric a:onscanc tn :he :ange :f L'.-ZO and ac:ract:'ve ezoeiec::u

j 2



properties. In this report, grain-oriented Ba2TiSL 2O8 glass ceramics (BST)

are proposed as new materials for potential applications in sonar transducers.

EMERIMENTAL

Glass ceramic samples with oriented Ba2 TiSi 20 8 crystallites were prepared

by recrystallizing the glasses of compositions in the BaO-TiO2-SiO 2 system in

a temperature gradient. The detailed procedure for the preparacion of glass

ceramic samples was described in earlier references. 6- 1 The oriented

sections (after the recrystallizacion of the glasses) were cut normal to the

temperature gradient and then polished to thickness z0.04 cm. Silver-paint

electrodes were coated on both sides of the sample for testing. The

piezoelectric and dielectric properties of the samples were characterized by

using an acoustic reciprocity technique. The theory of this calibration

method has been well documenced 13 and will not repeated here. The experiments

were carried out in a castor-oil-filled acoustic coupler with temperature and

pressure controlled to within *JO.IC and *0.02 45Pa, respectively, and a

sinusoidal acoustic pressure applied at I kHz. The glass ceramic specimen was

in the form of a circular disk approximately 1.2 cm in diameter and 0.04-cm

thick. A PZT-5 sample, 1.3 cm in diameter and 0.6-cm thick, was also tested

as a reference. The properties of two commercially available piezoelectric

polymer PVF 2 samples, obtained from two different sources, were also measured

for comparison. Each PVY2 sample was a 1.2 cm by 1.2 cm square piece. Their

thicknesses were 0.056 cm and 0.070 cm, ,:especcively. The experiments were

performed over the temperature range of 5 to 45aC. A pressure cycle was

carried out for each sample by increasing che static pressure in the coupler

from ambient to 35 hPa at 5 4Pa intervals, then followed with decreasing

pressure ac the same race. During such a pressure cycle, :he :emperacure of



Ce syscem was carafu.y controlled at 24.5C.

The hydrophoeu characteriscics of chz glass ceramic sample were also

evaluated in a prototype design using a standard ,ML-USMD S8 high-frequenc7

hydrophone assembly. The element was placed in the M nun: wi:h a rubber

window attached to the face. The device was tested ac Che RL-USRD Lake

Facility to obtain its free-field voltage sensitivit7 (M7VS) as a function of

frequency.

RESULT ALD DSCJSsZON

Figure I shows the hydrostatic d conscant of the macerials casted as a

fmction of pressure. The PZT-5 sample e.xhibited a dh value of 21 PC/NI ac Che

ambienc pressure, which also increased slowly with increasing pressure. The

,alues for both PVT 2 samples and the glass ceramic composite fall in :he

range of 9-10 pC/M. FVF 2 sample w. L showed a I dB reducCloa in d, when Vhe

pressure was increased from 0.5 o 35 HPa, whereas Che educion for he ?VT.2

sample o. 2 slighcly czceeded 2 dB. The dh of the glass ceramic nacerial,

however, was conscant over the range of hydroscacic pressure of 0 to 35 .Pa.

During the decreasing portion of the pressure cycle, the dh value also

remained independenc of pressure. This Is in concrast to some ceramic-polymer

composites which showed very large pressure-hysceresis effects."1 4 The

piezoelec::ic voltage constant gh of Che glass ceramic material, shown in

.ig. 2, was also found to be independenc of pressure up :o 35 .Pa. ahe

value of 83xL0 - 3 7 =/N is an imvroveme over :hac of ?Z7-! v nearl :.-o

orders of magni:ude. ?VF 2 samp.le ao. . e-thibitzed an . gh "za2ue of

Li2XL0 "3 7 =iN which was decreased :o 104x'0 -3 7 m/N a 35 > pa, :-eresen:ing a

reduction of 0.6 dB. ?F?, samole ao. 2 gave a a less :han :hac o:f :he ilass

zeramic. wais also somewhat pressure sens-J:-".e; a :. 3 --B:aduct:nr was



found at 35 1Pa. The dh and sh properties of these materials were also

measured at 0.5 HPa over the temperature range bet-ween 5 and 45C. The dh

value of the glass ceramic sample was independent of the test temperature, but

gh increased linearly with temperature by about 0.4 dB from 5*C to 45*C. The

results on these samples are sumarized in Table 1.

The dielectric dissipation of these samples was also measured at I kHz.

It can be seen from Table I that both the PZT and PVF 2 material have

dissipation in the range of 0.01 to 0.02. But the glass ceramic samples have

extremely low dissipation, varying from 0.00003 to 0.0006 depending on the

sample composition. This would be very important if one would consider the

material for active transduction applications.

The FMVS of the glass ceramic prototypetis shown in Fig. 3. A -211 dB

sensitivity referenced to 1 V/la was measured, and over the frequency range

of 10 to 100 kHz, the response was reasonably flat. The PVF Z elements gave a

sensitivity of -202 and -Z07 dB, respectively. Although the .TVS of the glass

ceramic is less than those of PVF 2 , it should be noted that this sensitivity

parameter depends on both the sh constant of the material and the thickness of

the sample. The thickness of the glass ceramic sample is only 0.04 cm, as

compared to 0.056 cm and 0.070 cm for the V 2Z samples. Because of the high

voltage required for poling, the thickness of poled ?VFz that can be

fabricated will be severely limited. On the other hand, thick glass ceramics

can be readily prepared by routine glass fabrication techniques, and the FTVS

then can be easily increased. As is, the glass ceramic sample is more

sensitive than the 0.6 cm thick PZT-5, whch gives a FFVS of -222 dB

re i /.Pa. Furthermore, the glass ceramics have low density (3-4 gm/cc) and

thus lower mechanical impedance compared to that of ?Z: ceramics.



Finally, it is oced thatc the proper:es of the glass ceramics are

approaching those of ±irlhmt sulphace crs~als (see Table Z). L.i hhum

sulphate has been used in underwacer ::ansducers, and Is stil a favorite

piezoelec: ic material for use in many of the avy's standard transducers.

However, the availabili:7 of Lithium sulphate from coutmercial sources has

declined rapidl7 in recent years. The glass ceramic would be a good candidate

for its repl.acemenc.
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FIG=RZ CA2 IONS

Figure 1 - dyrosracl piezoelec:ric strai coefficiet dh as a function of

pressure (at Z.5C).

Figure 2 - Kdrostacic p'zolectr±C voltage c.efficienc gh as a unc:.on of

pressure (a: 2.5C).

Figure 3 - Free-field voltage sens±itvicy (TFVS) of the glass ceramic

hydrophone as a function of frequency (a: Z4.5C).
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GRAM ORIMMET GLASS-CERAMICS FOR PIEZOELECTRIC DEVICES

A. Walliyal, A. Safari, A.S. Bhalla,* R.E. Newnham* and L.E. Cross*
Materia.Ls Research Laboratory

The Pennsylvania Seate University
University Park, Pennsylvania 16802

Abstract

Grain oriented glass-ceramics of Li2Si20, fresnoite (a 2TiSi2 0 ) and

its isomorphs Sr 2TiSi 0 and Ba TiGz 0 have been prepared by recrystallizing

glasses in a temperature gradient. Electromechanical and hydrostatic piezo-

electric properties of these glass-ceramics were measured. Piezoelectric

volt&age coefficients Z33 and hydrostatic voltage coefficient g. of these

glass-ceramics are comparable to those of ?VF2 and an order of magnitude

higher than the corresponding values of ?ZT. These glass-ceramics seem to

be attractive candidate materials for hydrophones and several piezoelectric

devices. Hydrostatic piezolectric properties of Ba TiSi20 and Ba 2TiGe20

single crystals were also measured. The unusually high values of Sh in

fresnocita single crystals and glass-ceramics are supposed to be due to

positive d in these materials. A composite modal has been proposed to
31

explain the positive sign of d31 in fresnoite based on its crystal struc:ure

and internal poisson's ratio stress.

*Member, the American Ceramic Societ7.



Z. Introductiou

Racently a new tecihnique for preparing glass-ceramics with oriented

crstall±ces has been studied extensively. mn Z his =echIque glasses are

recrysCaltzed -L a tamperacure gradenc. :c %Ms shown in earl-e: sCtades

that the techi-que is sui:able for prepazing inexpensive, large-area py~oelecric

detectors and piezoIecl :tc resonators. Using :his mechod ae have prepared

glass-ceramics with both crysUallographic and polar orientation.

The glass foring systems sudied include Li20-SiO23 L 2 >-SiO 2-2031

3aO-SiO2-T±0 2 , SrO-Sio 2-Tio 2 and 3ao-G O-TiO2. Among :he crystalline Phases

racy=stalllzed fr:o the gLasses within these systems are Li 231 2 03 , Li 23 4 07 ,

3 2TiSi20OV Sr Z2±i3± 2 0 and 32a 2TI. 0 a. One or more of chese crystalline

phases are obtained depending on the composition of the glasses. All .hese

crystalline phases are nouferroelec:-ic and belong to one of the can polar

point groups. The compositions of the glasses were optimized by composiczonal

variatious and by the addition of various modifyiing oxides to obcain glass-

ceramics wich good physical properties. Extensive studies have been carrted

ouc to optimize rhe piazoelactric and pyroolectric properties of the glass-

ceramics by adjusting the composi ion of the glasses and :he crystallization

conditions.

Z: has also been shown thac the .olar growth behavior of --he crTyuall±:es

from the glass matrix depends on :he original composi:ion of :he glass. A

glass-ceramic is Assential7 a :m.posica of a glass? Phase and one or nore

cr s allie phases. For glass-caramLcs -.,acning o :--7scaI...e pnases,

a connaec:.vi:7 nodal has oeen developed based on :he zr.tzcolas of seris

and ?arallal =nec-.i'-o:7 nodeis 5, :. redic: :n. o:ezoeILac:rtz and ovTo-

.lec~rtc ?roCaer:±as of ilass-Caramo.::osZ:s



2

Ta the present study the hydrostatic piezoelectric properties of glass-
ceramics of fresnoite (Ba 2TiSi 2 0 8) and its iso hs Sr2TiSi208 and Ba 2TiGe2 0

are reported. These glass-ceramics offer several advantages for hydrophone

applications as will be discussed in a later section. The hydrostatic piezo-

electric properties of Ba2TiSi208 and Ba TiCe208 single crystals were also

measured. The hydrostatic piezoelectric coefficient dh, hydrostatic voltage

coefficient &h, and acoustic impedances of these materials are compared with

couOnly Used piezoelectric materials like lead zirconate titanate (PZT) and

pol~viny2idene fluoride [(C/2P2)n - '2 ]. The advantages of these materials

for application in piezoelectric devices are discussed. Finally, a simplified

model based on the principles of series and parallel mIming of phases 6 is

proposed to explain the high value of g in fresnoite single crystals and

glass-ceramics.

11. Exerimental

Glasses of several different compositions were prepared by mixing reagent

grade chemicals and melting in a platinum crucible. Class-ceramic samples

(approximately I cm diameter) with oriented crystallites were prepared by

recrystallizing the glasses in a temperature gradient. The details of the

sample preparation technique can be found in references 1-5. X-ray diffrac:on

and microstructure studies indicated that needle-like crystals grow from the

surface into the bulk of the sample along the direction of temperature grad.ent.

For piezoelectric and hydrostatic measurements, sections were cut aormai

to the temperature gradient, then polished and coated with spuctered gold

electrodes. The dimensions of the finished samples were approximately 1 cm

in diameter and 0.5 = in thickness.

The dielectric constant (.) and loss factors of the samples were measured
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ac a frequency of I k9z using an aut= tacd capaci:ance bridge.* The piazo-

electric d coeff±cien was m ured wit!% a d 3-maar. ; The hyd:ostat±c

voltage coqdficlenc gh wa~s measured b7 a dynaic method a wich is basica.17

a couparat.ve cac.n'qua. T= ths m hood, a ?ZT-3 sample of nova 9. is used

as a standard. Ata:r .e sampla and the scandard are placed in the holder,

he ChAmber is filled i h. oil, and a stac-c pressure is applied. A funcion

SeneraCor sat to the desired frequanc7 drives an AC stress generator placed

inside t.h cas: chamber. The vol:a9G .roduced by Che sample is diAplayed on

an oscilloscope and compared to Ce voltage produced b7 the standard. 3y

witvng c-he vol.age responses and Che dimensions of .e sample and the standard,

we am calculae the piazo.Lectz-1o voltage coe.f± ic±* & of the Sample.

Correccios -jer% made for he scray capaci:ance of the sample holder. Fr=

.he measured values of d 3 3 , 31 and ., the piezoelect::ic volcage coeffic±an:

o /3 3 /c and hydrosca:ic piezoelectric coefficleac d.- d . C Iere cai-

cul.tad. The electromechanical properties were measured by resonance-

anc.Lresonanca cechnique using a spectzinm analtzar.**

Single cysals I = in diameter of 3a i 0±a and 3A 7iG4 0 a -were 5r2%n

from the stoichiomecric malts by the Czochralski m-hod. Details concer=-ing

Che growth procedure can be found ia references 9-L.

ZTI. lesulcs and 3iscussion

3.1 Com.osi:±ons and Cs.-sta-Uine ?hases

The Comositions and crscalline p hases of hte j.ass-ceran.i:s are

listed in rable t along wi:h ,heir c---Tstall zation :tmperacurs de:er---n4,ed

Sewlaet: ?ackard, :ac., . o A.I:o Calif. (Model !270A).
t Channel ?roduc-s, T'he~serland, Oh~o (Mode! C?T 200).

• evie:-.-.acka~:±, .veland, C.umbia :M~e. 3385A).
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from exothermic peaks in DTA runs.

It was aoc possible to obtain glass-ceramics with reasonable mechanical

strength from a stoichiometric fresnoite glass composition (23aO-2SiO2 -TiO 2 ).

The glass composition giving glass-ceramics with good physical properties and

optimized piezoelectric and pyroelectric properties was 2 3aO-3 Si02-TiO2 .

Additions of a small. percentage of PhO, CaO and SrO helped in obtaining

glass-ceramics with uniform crystallization and good mechanical strength.

Similarly, the optimized glass compositions for Sr 2TiSi2 0 and Ba2 TiGe 0

phases were 2 SrO-3 Si02-TiO2 and BaO-CeO 2-TiO2 respectively. The optimized

Composition in the Li 2-SiO2-203 system was Li 2 0- si2-0.2 3203. Crystal-

lization temperatures of the glasses ranged from 600-950C. The crystalline

phases of all the glass compositions are also listed in Table I.

3.2 Electromechanical Proerties

A summary of electromechanical properties of optimized glass-ceramics is

given in Table I. Values of temperature coefficient of resonance (TCR),

measured by studying the variation of resonance frequency with temperature

for radial mode are also listed in the table. The possibility of tailoring

the electromechanical properties by varying the composition and heat creatment

make these glass-ceramics attractive candidate materials for piezoelectric

devices. Temperature variation of resonance frequencies can be further reduced

by suitably modifying the composition of the glasses.5

3.3 Hydrostatic Measurements

The measured values of dielectric constant, d 3 and are listed in

Table 111, along wih the calculated values of g,., d, and g. .he oroper-±es

of Sa T2 0a and 3a Tie 2 0 single crystals are also presented in :he :able.

A comparison of the dielectric and hydrostatic proper-ies of 31ass-ceramias

with the corresponding prooerties of ?7 and ?ZT 5OLk is given in 7able 77.



The values of j and . of SlAss-,aazcs are :omarable :o PV? 2 and zuch

higher than Z. Alchough :he values of d and d. of Slass-ce:ramics are
33 a

couparaiv.Ly low, the agnitzdes of g3 and S of glass-cr=rm'cs are h h

because of thi Low delLectric conscant (8-10). A discussiou of the ad-

vantages of chese Slass-ceranics in hydrophone applicacons "ill be given ia

section 3.5.

3.4 Acoust±c 7medance

Acouscic iWedaca Z can be calculaced from the r:elactao Z -c, wdere

2 is the dnsi.-7 of he matcLa.La and c is the velsc!-7 of sound != the medium.

3y =tasuring che th.iciness made frequency conuscant ' of the 2azer.al, :he

veloct7 c can be calm,.I.atad by che ral.at.on c - 2 C. .he va.ues of densi.,

veloc-ir7 and acouscic ipedance are listad in Table 7. The corresponding

properties of ?Z, MVYZ and a mumber of cOul7 used maret-als are also listad

in che table for com-aduso. A discussion of these prover:±es 4s presented

the ae= sect-onc.

3.5 A.olicatcu in 37drohicues

A hydrophcu. is a passive device used as a hydroscat±c pressure sensor.

For hydropnone applicacons, Che co-- y 4sed f! ure of nerO'a3 are :he

hydroscatic piezoelectric coefficent rand d. g, For hydrophone avoli4cac ±ns,

the desirable properties of a tansducer material are

3&. d'a and4a

2. A densi:7 suized for acoustic Macchi=g "i:h :he pressure :ansmi:zzg

medium, usual.7 wacer.

3. aigh compl'ance and ila-.bili:7 such :hat :he :"ansducer :an " l:6.scand

mechanica2l shock, and :an :onfor :o any sur--ace.
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4. No variation of S with pressure.

PT ceramics are used extensively as piezoelectric transducers despite

having several disadvantages. The values of s, and dsh of PZT are low because

of its high dielectric constant ( 1800). In addition the high densit7 of PZT

(% 7900 kg/m 3 ) makes it difficult to obtain good impedance matching with water.

PZT is also a brittle ceramic and for hydrophone applications, a more compliant

macral with better shock resistance would be desirable.

PVF 2 offers several advantages over PZT ceramic for hydrophone applications.

It has a low densit7 (1760 kg/3 ) and is a flexible material and although it

has low d3 3 and 1h , the dielectric constant of this material is low enough that

large values of piezoelectric voltage coefficients g33 and g.h are possible.

Overall, this combination of properties seems to be ver7 attraczive and PV72
12

transducers are under intensive development. However, a major problem in the

use of PV? 2 is the difficult7y in poling PVFZ sheets. A very high voltage is

necessary to pole PF 2 (about 10 to 100 MV/m) and this puts a limitation on

the thickness of PM Z that can be poled.

To overcome these problems, a number of composites of PZT and polymer have

been studied in recent years. A detailed description of different kinds of

composites and the principles involved can be found in reference 13. In a

composite the polymer phase lowers densit7 and dielectric constant and in-

creases elastic compliance. Ver 7 high values of g, and dg. have been achieved

with the composite approach.

From Table r7, it is clear that the piezoelect-ic coefficients d and

d. of glass-ceramics are comparable to PVF 2 , but much lower than that of ?ZT.

However, because of low dielectric constant of glass-ceramics :he values of

and g of glass-ceramics are much higher than that of ?ZT. Hence, these

glass-ceramics will be useful in passive devices like hydrostatic pressure

sensors where gh is more important. The variation of wh -i:h pressure was
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=aSUrd for giass-Ceramics uP to a '#a. There waas no significanr variation

of Sh w th pressure. := practical use Slass-ceramics Ma7 offer several

advantages over VY and other ferroelectric Materials for application in

piezoela.=eic devices.

Since all these glass-teramics are nouleroeiect±r-C, therm is no poting

step involved, which is a major problem v1i.h ?F, There vdill be no problem

of depoling or aging w"h'ch arm encountered in many farroelec:tz-c materials.

aence, tha glass-ceram s can be used in devtcas operating at high capenratures.

.arge area devices can be prepared by routine ilAss preparation techniques,

and 'henmce :he cost of the device can be s±lgflcancl7 Lweread. Since acouscic

impedances of the glass-ceramics are-in Ce range 13-ZO I 10 ra1.7s, good

acoustic matching can be obcained 'th metals LiUe almInu. Nou-esv4c=ive

testing of aircraf:m ta.Ls over a ide :emperature range i-s a possibili:7.

ese gass--ceramics also look attractive for use in devices in -which glass

fibers are used because of cbe good impedance zacchI g.

7, Z!lanatiou for the Righ 7alue of_&.

The values of 3a T.S±20 and Ba2 =.iGe 2 08 single c-sta.L3 and glass-

ceramics are unusuaL.7 large cmspared to other piezoelectric =acera.s.

An explanation is offered here for the high value of g. based on .he

--7scal srucuure of ftesnoi:e and an interna. ?oisson :atio stress.

,he hydrostacic .iezoelec:.-c coefficienc d. is given by :.he equarcu4

d. a d 4,2 d )
a 33

For ?Z, the .iaoeiact-tc d3 coefficient is large (', 50 :CN), but : L s /.o,-
because :.he sign of -a . osil:ve and :hac of d is nesai"e" -5 C,'.)

Mworeover, 4:S hlg deiaac:'iz -onstan: (', 1300) fur- er raduc-s :he -o.:age

zoefft'ciencs 332 and ':able . : -hie ocher 'nand for fzesnc4:a, even

:n1ough i i£S .. W S34 ylarger -han d-bcas o osit:e



8

In addition, because the dielectric constant of fresnoite is very low (10),

the value of Sh becomes exceptionally high. An explanation of the positive

sign of d31 is given in section 4.2 by considering the crystal structure of

4.1 Composite M odel

For a composite consisting of two phases, one dimensional solutions for

dielectric and piezoelectric properties have been presented for both series

and parallel connectivit-7. 6 7 In a number of composites it has been shown

both theoretically and experimentally that the hydrostatic piezoelectric

coefficients dh and g can be increased by an order of magnitude over that of

single phase PZT. Eventhough PZT-polymer composites are superior to single

phase piezoelectric materials, some of the composites were not as sensitive as

expected theoretically. The reason for chis is an internal stress arising from

Poisson's ratio. As an example, consider, the internal stress in composites

prepared from ?ZT fibers and a stiff polymer.

In a 1-3 PZT-polymer composite (Fig. 1), the PZT fibers are aligned along

the polar axis x3 , and the polymer matrix phase is self connected in all the

3 directions. Further, the ?ZT and polymer phases are connected in series along

xI and x2 and in parallel along x3. Since the two phases are in series along

"I and x2 . they experience the same stress a V This assumes that the two phases

do not exert forces on one another and hence internal stresses are zero. This

assumption is not justified for composites wi:h small volume frac.ion of ?Z-,

where interphase stress must be considered. Thus there are :wo contributions

to d31 of composite: those arising from external s=Tess z, and chose artsiag

from internal stress. In the equations which follow the piezoelectric coeffician:

d31' volume fraction 7, elastic comrliances s., and s and ?oisson's ratio

of ?ZT and polymer are designaced w-ith a superscript I and 2, rspec-ve!7.
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Considering on.ly the externa. stress ap' the polarization 3 appearing

in the polar direc.on is given by :he following equation

P 3 a31 Y 2 d 31 a 1 (2)

3owver, if interaL s ress is considered, a correction factor should be

applied. This correc:ion arises from Poisson's ratio and will! be referred to

as the Poi.sson's ratio stress.

When t.he composite is strecched along x, it contracts along x3 because

of ?oisson's ratio. hLis contraction is controlled by the compliance and

Poisson's ratio. Tf the r-o conscituent phases do aoc contract equal7, an

internal stress is generated. he manitude of the Internal stress can be

esritiaced by assumng chat the m-o phases reain mated together, or :hat C.t

strains are equal along 13 (IC3 = 2C9. FOr simplicit7 it is assumed that bot

Chi ph"ses are e4.asica..l7 isotropic (sl-S 33). Under these assumvt:ons, i:
1 '

can be shoun that the internal stress on ?ZT phase ( 3) ia given by

121 22
02.. S -(3)

3 1 3 1 .0 (1,7/2.7)2Z

Since he Polymer Phase is generall7 far MOre complian: chn PZT, 2 > 3 1

while . ?oissou's rat-os are comparable. Equation (3) :hen reduces to

-2 2

a " (1-7/2V) 2 s

,The idius sign Lndicares :Lac .he inrerual ?asson's r-a:io st.-ss ac:s ovoost:a.1i

to re applied stress. That is when a :ansile st.ess is appled, :he rer.---al

stress ac:±-g . n . .c .o---morassive and v ace versa. The i:nara. -s=r-ss
I3

Z-- 'oo% --he extar"a -scrass :, and -- e :narnal strass are ac:i-g, :me

~olar~r~on Ong C. ;..S ig",en
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P3 = I d31 1 a I I d33l 3 f5

The first term on the right is the normal stress contribution while the
second term is due to Poisson's ratio stress. Coefficient d31 of the composi:e

is given by

P 1 d33 Yda 16'
d31 a1  a1

It is clear from the above equation that d31 is greatly increased due to the

internal Poisson's ratio stress. Because of this there will be a reduction in

the magnitude of d.a (eq. (1)), lessening hydrostatic piezoelectric sensitivity

of the composite.

4.2 Positive d in Fresnoite

The arguments concerning internal Poisson's ratio stress can be used to
explain the positive sign of d31 in Ba TiSi 0a single crystals, based on a

knowledge of its crystal structure.

The Ba2 TiSi 2 0 structure consists of (Si 2 07 ) 6- tetrahedral pairs and

(TiO)6- square pyramids which are linked to give flat sheets parallel to

{001} planes. These sheets are bonded together by Ba + ions. The structure

can be visualized as made up of chains of deformed TiO 6 octahedra linked to-

gether by a stiff silicate matrix as shown in Fig. 2. In the following

discussion, the structure will be considered as a composite of two phases:

piezoelectric phase consisting of TiO 6 chains 'phase 1) and a stiff silicate

matrix which is non piezoelectric (phase 2) as shown in Fig. 3. All the

properties with a superscript I and 2 refer to phases I and 2 respectivel7.

Again for simplicity, elastic isotropy (s 33 - S) is assumed and Poisson's

ratios of phases I and 2 are assumed to be comparable. Fur:her, i: is assumed

that the pieaoelectric phase I is much more compliant :han phase 2, so :hat
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533 isU 33 91 7

1 zI. 2 2
1.4 ' =2. (8)

tUder these assuipcious, t±ie int:ernial stress due :o ?oissona's ratio, given by,

equation (3) reduces to

- 1~ (9)
3 2

The polarizaron a.long x3, due o both e:ern.l and internal stresses is

given by

3 31 1 323

U- (.70 .1 \ d3 ) (10)

i, 3 31

Hence d 31 of composice is given by

• 31 =  31 d 33

t: is clear that d 31 of coos±:e can be posi.ive Lf d3> 1  Z. the

above argument is true, the s±n of d in ftesuoiza Should be Posi ve, but
31

its magnitude should be very small. The positive sign of d in ftesnoita was
31.

confirmed b7 masurements uit:h a d 3-mecer and the magnitude of d 31 Was

determined as 1.3 pC/14 by standard resonance techniques. For most of :he

comon.17 used farroelectric materials the value of d3 3 /d3 1 is aporoxt.atel7

-3 whereas, :or ::esnoite It is aPprox1matel7 +3. From this discussloa 4--

clear chat the .osit-ve sign of 1 can be ac:trbucad to an iuca--a! Poisson's

ratio stress acting in --he same d-rection as external stress. Thz-s is the

origin of :he sizable hydrostac-c sensiziviz.7 of Ba Tii,0 and 3a :iGaO as

well.
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V. Conclusions

(1) It has been shown that grain oriented glass-ceramics in the 3aO-Si0 2-TiO 2 ,
BaO-G40 2 -TIOZ and SrO-SiO -TiO2 systems can be prepared by crystallizing

glasses of optimized compositions in a temperature gradient.

(2) Magnitudes of hydrostatic piezoelectric coefficient , piezoelectric

voltage coefficient s and dielectric constant of glass-ceramics are

comparable to the corresponding values of PVT .

(3) Acoustic impedances of these glass-ceramics are in the range 18-20 X10 0

rayls and hence good acoustic matching can be obtained with metals such

as aluminum and comonly used glasses.

(4) An explanation is given for the high value of gh in fresnoite and its

isomorphs., based on the principles of series and parallel mixing of

phases and crystal structure of fresnoite. The reason for the high value

of s in fresnoitae is the positive sign of d31 caused by an internal

Poisson's ratio stress.
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Table 1. Compositions and Crys:&l2.±~e ?bases

Cr~st~uizciou C--sta2.1±ne
Comosition Temp C(C) ?Uses

23a0-3S±02 -Ti±0 930 34 2TiSi 0

(1. 9B0-O. lPbQ)-3SiO 2-r±02z 920 3 2 Tli±2 0 8
23-0-0. SCaQ-.9 90 2-Ti0 2  920 34 2T±Sl 0a
2.63a0-0.4C&O-2.8S±02-r±0 2  930 U 2 TSi 20a
~.6B0-O.4SrO-3Si±02-TIO2 -O.2Ca 930 3A 2TiSi 20a

2S0O-3SiO02 -TI.02  950 Sr 2 Tis 2 0 a
(1.8Sze-0.21a0)-Z.8SlO Z-rIO -0..Cao 940 Sr 2T±5 08O

Bao -c~~~~o 2- i OB 2T~

U 2 0-1.8SiO 2 -0-23 2 03  605,680 u 2 Si2 5

U 2 34 07
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Table 11. Electromechanical ?opert±es

OZOTI k p(z) k t(Z) QTCR(Radial)

L± 2 0-LSSIQZ-0.23 0 1 5 20-25 1000-2000 70-100

Za3S 2Ti 2 14 ZO-25 1000-2000 100-L20

Ba0-T±0 2 -Ge0 2  6 8-10 2000-4000 60

Zr3S 2Ti 2 U. 25-30 1000-1500 50
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Table IV. Comparison of Hydrostatic Properties

Glass-
Property Ceramics PVF2  PZT

K 10 13 1800

d33 (10
12 C/N) 8-10 30 450

d31 (10 C/N) +1.5 -18 -205

dh(lo C /N) 8-10 10 40

133(10"3 VM/N) 100 250 28

Sn(lo03 Vm/N) 100 100 2.5

m(1o" a /N) 1000 1000 100
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Tabl~e V. Coupar±.scn of Acoustic tmpedancas

DESI 7L.OCZTI'. z
(rlsac) (1016 rayls)

AIX 1.2 330 0.0004

Waca 1000 1430 1.5

PZ= 7600 4000 30

I 72  1760 1450 2-3

2l7uinu Z700 6300 17

Quartz 2640 5800 L5.2

3ao-SO .- ?±O2  4000 4,700 18-Z0

UO-440 2-TIQ02  4780 5020 24

SrO-S2- 2 3600 5000 18



Figure Captious

Fig. 1. Internal stress in a composite of PZT fibers and a polymer.

Fig. 2. Simplified crystal strucure of Ba 2TiSi2 0 .

Fig. 3. Composite model for Ba2 TiSi2 0

2 2
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PHASE I

INTERNAL STRESS

PHASE 2

PHASE I- PZT ROOS

PHASE 2 - POLYMER

Fi. 1.. ncena1 St:esses ia a :omposi:e of ?Z-

libers and a polymer.
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The slacrrctive nronerties have 'e"en reported crevtou~s iy of vtry fe

imcerials with 'Low diel~ec:tc constants. -v:anx be measured by using Cice:

:he direct or converse electrostrictive cffect. The converse effect involves

iiessuarin; the stress dependence of the dielectic constant of :hie zaaeria:.

T"he direct etfect is zeasured by decerin :he icrain pro.~uced in a za ra

v an applied electric field.

The hvdrrosacic electrostriction Coeff4iints of Several ;'ot~e

pvrovslcit: single crysta.1s were determined !zom measurements cnu coa'--.-:sC

effect using hydrostatic pressure. ;or-linear behavior' was aoserved in vl.

dielectr'.c cnsut-versus-ressure relationship. This indlctres n::

orde eccroscricion coeffici±ents, *4,-k are sign..fican:. Th.

'ntrsticic aiect:ostric:ion coefficiencs, Qoff the furt.d4 2"'-

zaceria.s art sim.ilar to chose of other !Iucride mateials s.Lcn a- a.

CaF7. Th13 comparison suggesc3 that crtsai struccure i s le:

determining the elec:rostrizczive procerites of a si=pe :, et.-

kinds of ions In the structure.

An ul:risensicive dilacomecer, whizh had beec prtviously !

modilfitd to all~ow correct measurement of: :he elec:ostricz.on :~.

single crystal mateials with low dieazz.41c permi.ivcties. ':-

obtain rm*1ia~lt :esuits, it was necasa- : ; rl ;±dly .iaunc C.'t ::7i

sctff moetal electrodes.

The complete eiectros:rIlction :-ensor o!~ CIF was c : ::

neusurements of n~o elc: zcin:oins f-r

evendiular :o :h1e (.00) vi o *- . :a s : : .:S

Thiese .zeasurerte-.: w~e .::o:e v.~ :he L.-'
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electrostriccion coefficient obtained from :he literazurt ,:) canzulace t:e

values of the elec:rostriccion censor coefficients M a , 12 ausing

least-squares method. The magnitude of the %, coeffic~ent ts similar z!)

chose reported for alkali halide crystals. The values of KI- and M,4 are

relatively different from those determined by previous authors. However, the

values in these previous papers are incorrect because of a ca'.culation error.

Attempts at measuring eleccrostriction in sodium chloride were

unsuccessful. The measured electrostric:ion coefficient was found to vary

sharply with the frequency of the applied electric field. Subsequen:

investiga:ions to determine the cause of this behavior were carried out.

Slectrostriction measurements were performed on a NaCi crystal which had been

hot-forged and also on a crystal which had been irradiated wi:h neutrons.

Both of these measurements in addition to the experiment; performed on CadF

suggest that the movement of charged dislocations substantially increases :ne

measured electrostriction coefficients of sodium chloride.

Measurements of ocher physical proper:ies of several fluoride perovskice

materials were completed. The measured properties include :herzaI expansion

coefficients, temperature coefficien:s of the dieiectric constants, and

elastic constants. Values of these properties were used in conjunction wit!

other published values of properties for a variety of materials to empitoca',

relate electrostriction to other physical properties. ?ower-law r~i.'tinnship:

between isothermal compressibility, cher-aal expansion, and electros~r ::'n

were demonstrated. A linear relationship was observed be:ceen

electrostriction and the pressure coefficient of isochermal :omnressi'.,I:..

These empirical results are discussed in terms c :e theor -z , i,:::

solids.
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Determination of the Electrostriction Tensor Components in Single

Crystal CaF 2 from the Uniazial Stress Dependence of the

Dielectric Permittivity

Z.Y. Meng and L.E. Cross"

Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802

Abstract

The separated electrostriction tensor components have been measured for

single crystal calcium fluoride by the converse effect, using a specially

designed uniaxial elastic stressing jig. Values obtained for the individual

components of the electrostrictive voltage (M) coefficients were Mil ' -0.132,

H12 0 0.117 and M44 = 0.507 in units of 10-20 m2/v2. These values are smaller

than those observed by direct measurement of electric field induced elastic

strain (4). but are closer to expected values and likely to be more reliable.

*On leave fron the Department of Eltc:roaic E=;iaeeri=;, lian .iaoton

Univerist7y lian. ?eoples ae;ublic of China.
"Also affiliated witlh the Department of Electrical En&ineeriug.



1. Inrduto

The quadratic elec':os::ictive effect is :he basic eloc:romechazical

Coucpli29 Pheoe-on in a1. cezc:ic crys ats and in anorhous .sula:ors.

KTdrostatic elec::ostriction Coefficients have been measured for a 2uz-ber of

insulator crystals with simple cent:ic s:tructu:es, but except in :he :&se of

high paerittivit7 perovskite sr:uc:u e oxides, reliable values of the

separated tensor components of ele.trostric:ion have act appeared i= :he

li:erature. I. the Case of the simpls alkali halides, even :he signs of the

Coefficients are in doubt ' and tere is Considerable zncerait= 7 as to the

influence of the dislocation structure apon :he measured valmas

Th ere are two al:ernative experimental approaches .o :he measuremen: of

electros::ic:iou, the direct method in which the elastic s::Zin induced by a

high electric field is 3measured dire~ctl7 by an m:.ra-d ilatone ter, and the%

converse zethod in which *he =.herzmodnaaic y equivalent ch1ge of diesenc:i:

stiffness 4nder mechaical stress is' measured. 3oh methods ivolve

coneiderable experiaental difficulty. Z the Case of :.he direct method, for

:orzal simple 'ow permittivirt Centric zr7stals, the electrostrctive s::zin

levels Vhich can be induced by a realizable high eIec:trc field, are on!- of

the order 10 - o that in millimeter thick c:ys7tals displacements of "he order

of A0- 9 cm (0.1A) must be measured with some ;recision so as :o establish

-eliable values for :te separate constants. For the -onverse =ethods, the

need for seusitivit7 is now transfered to the mielectric =easaremen:. ,ode rn

measuring s7stems 1i1e the General Radio :6=0 bridge do have :he sensit vi:T

and stabilit7 reqzired, lat mow there is also nee, fn. ;'-7 ;r'c¢se

temperatuze cont:ot and :e :equ ie e:n to estab.ish a ::'..i; ;::ax1a stress

opn the samnpe.

Sthis or., :.e 'oave.se ne::cd f =eas-.:emer.: e. " es:" :.he

separated :o;moata:s i :- e t ::t:o :tsor:r



Basic principles of the method are discussed in Section 2. .A brief discussion

of the design of a special uniaxial compression jig is given in Section 3, and

data for the calibration of the system is ;resented in Section 4. Measured

data for three orientations of the Ca-., crystal are ;resented and anal7sed in

Section $ and the results of measurements discussed in Section 6.

2. Basic Principles

The constitutive equations defining the phenomenological iateraction

between dielectric and elastic properties may be derived from , Gibbs f:ee

ener&y and from the elastic Gibbs function in the forms

lij - sijkl1 kl ' 3uoij~nao (2)

where zij and Iij are the components of the elastic st,:ain and elastic stress,

respectively, E2 , P2  the components of electric field and electric

polarization. 3ijkl the elastic compliance tensor under the appropriate

boundary condition (constant E or constant P), Maoij, Qnoij the

electrostrictive coefficients in voltage and in 2olarization notatioa

respectively.

From equations (1) and (2), Noij and Qaoij may be defined by the

relations

3E

ijkl -aie r pajpo - n

and by application )f tYie '-flaxzell r.-laz-ns :o aquat.;ona a' nd 4+'



tIjkl 7 ij

where X<kl and l'lare the Components Of the dielectric stiffness and

dielectric suaceptibilit7 :esP~ct:;v*17. It zay7 be moted that

wbere sois the pefmi::ivit7 Of free space and ek te 40mP02e~ts Ofth

relative ;ormit:ivit7 tonsor. Thus

1jk 3

&Ad the Zea3Zreent Of either Q Or If Can be ICCOMP~is-bed by Z-e =eaSZZ!.te: :io

:ha Change of -,ermitti-7i:7 "..der the appropriate stzess, which --.. a= be

:slaced to *--'I$ cange Of Olect:ica1 C'Pacitance for I sitab-7 shaped sample.

3. 2C Comgreissio T z for Caoaci,:amce !1easzj.reae:s

TheO Scheme of the OC coopressometer is Outlined ia FLI-Ire sac ws

ia ;ro~ection the maim 2arts :)f the sample holder and of the: svstem -,r stress

Ipplizatiod. n Se ~e M i 4 ;ed :o 0co te Mr: :,n3ee~ t OZ

st:-tct7 =422ala :-'t :epr:r ;al o h erio d If a eSuze~e:.a.

:he zanaetilas :o :-'e samn~t :aoazizaa,: :h:ret :ermnz iz.-:o:et.

e.cc: :ia,. 3aae



The uaniaxial stress is derived fromi a dead weighit and is applied to t-he

sample through a suitable lover arm. In the pressure cell, ram extenders are

made from the same crystalline material, cut in the same orientation as the

crystal sample under test. A very thin mylar gasket is used between crystal

and crystal ram surfaces to take up any surface roughness. Complicated

thermostatic control was not needed as it was found that the thermal capacity

of the massive stressing ; 1g was suff icient to smooth out any minor changes in

the ambient in the thermostatically controlled clean room tnvironment used for

the measurements. All signal leads are coaxial. and the design is such :hat

there is not direct capacitance path other than thliroug the sample.

A general view of the compressometer and associated equipment is slhowz I=

Figure 2. For measurement Of the capacitance, a General Radi.o -'6::-

capacitance measuring assembly Was used. T!Iis very high precision three

terminal bridge provides stabilit 7 and sensitivity quite adequate for thie

electrostriction measurement under reasonable stress loadings well inside the

elastic range of the CaP2

4.Calibrition IeaSurements

4.1 Elastic Stress

The compressive stress system was calibrated using a range of dead

weights and replacing the sample with an Instrou automatic load cell. In aI.

cases, the pressure transfear from the lever arm was in excellent agreemezt

with the lever principle, and the error ;i the force -Nis :aess thlan 0.--"t.

4.2 Temeriture Stabilityr

To test the thermal stabilit-!. the sam;.'* was replace wt as~zi.ar

size sodium chlaride cr7stal T"h k20-,v tem-It-at::e ~ii

capacitance. After t!2e aold.er '-ad :ome -a .:erma.e~ ~ea



after l.oadin:g, the capacitance stabil;:7 -was evplorsd. '-aximuz excursi.ou C

In* to "thermal drift was 0.6 ;pkU'mi 'out under juiet :ouditious zor~a. r~

ratos wore muc 'es3 t.han 0.3 ppM'min more than a= order of =agit-de smale~r

thzz the capacitance change du.a to ;rzssure.

4.3 Electrical Stabil i=

Alter caref'al cleaning., the Idirec t capaci-' ance of the holder i tsel.f is

ass t!az O aF and the il iM :iz'C c ooduc tace az;eaz--.zb '. e oa a sca. e -where

:he smalles: mocraint: is -' x :0- ' . For the eloctrostri.-ion measuremnent.

the bridge was operated at I k3z with &a appliead drive of 30 701:1t .

Electroaastic screen.ing was pU.:: erfect to ;reve:t 1=7 obsorvab.

pOrtrbaci;on from extarma1 electrical mois.

4.4 qechanicLal Vj 12tio

No difficult7 was experienced due to mechanical pickupV. mnetheless. the

system was operated on an air suspeuded table as is evident in. Fijz:s 1.

Considerizi worst ;ossible combliations of all ezter-nal ;ertzr~atious.

the capacitance :esolation is better than : ;V and the 4bsolute reso'.utioa of

-apacitance change 4ac is or order ' sr.

S. Measurements nC .: Ford

In those measuremnents, the dependence of the dielectr-ic Per=mi:ti:47 a'O=

~aiazial stress is determinaed from the capacitance change of a d~shaped

sample 4uder homogeneous zaiazia. pressuare. a rder :0 separat-e the utso-

coma;onaents X,.1 - . anad ' 4 for a :aea-:;.c :a b z '--sa, a: teas th-ree I=-'

preferibI7 !oQt 201asuremd~ts :ast 3t =add. :a la: case, v: ~s --'osaa

measure -.-e 2aa:.te:a~e:rna..oessare p.dtra :.:e

z a;o r a ceas i ~s:xs c: ~ O IZ xn :e Sou -* -.-



face. In each case because of the geometry, the measuring field was being

applied along the stress direction. Values for the hydrostatic coefficient ML

were taken from the iiterature (4 )

Using the equations for rotated cuts, it is simple to show that the

general equations reduce to

og CI ac)
M 12 = 0 1 8 - (T +C3 9)

h o 1 aC " T - T (0

M10oo "i " T to {

1 1 1 3ol 8C
u " l ". X: a °  s - Zaa)] (10)

1 2 1 got 1 3C I T

From equations (9) to (12) the matrix components Mil M and M 4 $ for the

electrostrict!on constants can be deduced. They are related to the tensor

coMPonents by Mll , milii, 1z. M1 12 2, t44 0 4MIIZ*"

Samples of calcium fluoride single crystal of high purity optical &rade

were purchased from Harshaw company and prepared in the form of fla:

cylindrical plates 23 mm in diameter 1.5 mm in thickness. Plates With <100>,

(110) and <111> directions normal to the major surface were prepared, t h ee

samples of each orientation were prepared, two being used as pressure ram

extenders and a central sample for dielectric measurement.

Electrodes for the capacitor sample were evaporated Zold or aluminum, t.he

guard region was 16 an in d iameter and the guard gap less chaz 0. .1m.

Contact strips for guard. guarded electrode and counter elec:rode. were carried

over onto the edge of the sample by evaporation thr-ough specicz>., achi:ed

masks. Guarded radial t.lc::cdes make contact "i-:h these ,on:ac:tg taos.



All seasurements were made at ZZOC (room tempera:ure). Capacitance

change on both loading and unloadiag was taken to reduce the .nf:ueuce of slow

thermal drift. Capacitance measu:emen:s were at 1 kHz vith 30 volts applied

to the G.R- 1621 measuzing syitem. A t7pical Zraph for capacitance :hanage on

loading and =nloading is liven in Figu:e 3 for a <100> oriented sample, and a

corresponding curve for a <110) sample in Figure 4. From measurements for a

sequence of different load levels, :he capacitance change %c/c for pressure$

from 0 to Z0 bar 'ere COnstructed. It nay be noted :ha C.10 <'00> oriented

sample increases in capacitance While <2.0) and " orientations decrease i.

capacitance With iZncreasin stress.

Using a value for N, 1.0!710" 2/v the slopes of the curves in

Figure S give

1 -0.132 z 0- 0  /v

- " 0.117 1 0- Z O  m'/ '

4 •-5.'7 x l0 - 0 n2/v2 (i.e., 3tI - -0.'23 z :0- 0 "

6. D3scussioa

The major potential sources of error in these measured valmes are

temperature drift, side lead and frin ge fleld capacitance and lack o

uniformit7 and homogeneit7 in -he applied stress.

For the first two :ers, the estimated total error is less than 3v,.

It is difficult to estimat. the effect of deviations from :!-a .ea.

stress dist:ribution. 'out successi-ve measueem:s on :he same oirvtati:on .a-f:e

removing and re,;Lac in :.he sample ire rpaa c:o *7et:: Z~a - . :eZc -

measurements o sim ilar sam:pes .vhi'o 'il be -pO-- "I'e-: e ee

si4ni!icantl7 higher vilces "Or -.!!a and -e save to: .. aca-: :o- :-e



discrepancy. In favor of these measurements by the indirect method one may

site

(a) The electric field levels are low so that there is no effect from

Maxwell stresses which perturb the direct method.

(b) The dielectric change is directly proportional to the stress, so

that inhomogeneity in the stress system tends to average out. In the direct

method however, the strain is proportional to the square of the electric field

and thus inhomogeneit 7 in the field distribution will always tend to enhance

the strain leading to spuriously high values of the Mijkl coefficients.

Unfortunately as yet there is no reliable quantitative theor7 for

electrostriction in fluorite structure crystals so that it is not possible to

decide the merits of the two methods on theoretical grounds.

In general it may be noted that while the fluorite structure compounds

are more polarizable and have higher dielectric permittivit 7 than

corresponding alkali halides, they are mechanically significantly stiffer and

have lower thermal expansion. Thus in view of the general correlations

observed between elastic and thermal expansion properties and

electrostrictiou(s), it would be expected that the fluorite structures would

have lower magnitudes of electrostriction than the alkali halides, supporting

the data values observed here by the converse method.

In conclusion, we believe that the converse method of measurement is a

powerful technique for determining the sign and the magnitude of the separa:td

electrostriction tensor components. Thne results for calcium fluoride are i2

accord with general expectations, but are significantl7 lower thar. :ecet

values measured by the direct method. We are in the process of desijaiaL a

new sample holder for direct meas-urements which will eliminate any poss'.be

perturbation from fezaural strain induced by inhomogenei:t,- in :he elec:.i:

field and are also developiag a :e.ized :heo.e:-ca approach sing :.chnii.Aes



which have boon~ applied succcssf.-l1.y tO the de:~r.;Zi0Uio Of *ctr:ostzictiOn

constants in ;erovskite s:truc ohaie
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ABSTRACT

In this :hesis, :he developmenc, construction and exPerLmancal use

of a ver7 sensitive capacitance type AC dilacometer is presented. The

need for the instument arose from the requ.rement :o be able :o evaiu-

ace low level AC mechanical displacements produced in -he paraelaccric

phase of a ferroelec:ric material under AC electric f-ald chrough cha

electrostrictive coupling beeween dielectric polan±:arion and lat.-±ce.

The design of the £asc.umnc was based on an earlier ultra

sensi:ive dilatomecer of Uch~io and Cross (1980). A msC mnpor:anc

modlfication is the replacemenc of a DC servo syscam in :hei instrument

by a thermal expansion compensation mechanical bridge (TZ3C), whicn

permits the instrument to be used at high semi i- :i7 over a tampera-

cure range from 20C :o 200"C.

The instrument was calibrated using the own piezoelec:ri-

ef!fect in a standard quartz cry7istal and zaxLm= sensiz:vit7 bec:er :han

0.05A (3 C 10 - 1 meters) was obtained. Masure~mn~s o elecr:.- e

lead magnesium niobace-lead -:tanate (..-?T) ceramics, which± have beer.

previously evaluated by strain gauge methods, conf-m :his sensi:-vt:v.

The major effort has been di:ected to m.asur.ing the elec::.osc74-

ci've constant for single crscal 3anO o over a :ae.era:ure -ane

from 125C to 190"C. These daca clearl7 show and reso've :-.e : ,er

Associated wi:h earler conilic:4ag daca.
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A.B ST3IAC"

The electrostriccive effect in Sr .6 Ba.,.'b 20' has beer.

scudied over a wide temperature range in che paraelec:i

-.egion by di.-ect measurement using an A.C. capacitance dila-

comecer. The dielectric properties in both the pol.ar an~d

non-polar dixeccions have been thoroughly investigated, anci

procedures for measuring all six components of the electra-

strictive censor by direct methods are described. Measuredc

vausfor Q33' Q13, and Qlcoefficients are reported,

.ollowed by a discussion of the nature of direct measmn

of electrostriccion in relaxor ferroelectri--c materials.
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CECTrZOSTR&ECTION MID ITS RELATIONSHIP TO OTHErl P!ZOPEflTIES IN
PEROVSKITE-TYE Cr..YSTALs

K. RUTEMYER, A.S. BHALLA , Z.P. C116ANG AIM L.E. CROSS
11ateriais Research Labroy, The Pennsylvania State Ujniver-
sity, University Park, PA\ 16802

Abstract 'leasuremencs of the ;ourch and sixrh-order electro-
striccion constants uave been performed an several fluoride
perovskice single crysc~sis. The ;esuits are compared with
thuse obsdrved in ochser simiar -nacridis, and the relacion-
ships 5etween eieccrostri,.;ton anu some physical properties
are examined.

flTRODUCTI ON

In a previous paper ,we presented neasuremencs of taie hydro-

st.atic eleccroscriction constants, Q.of several perovskice type

single cryscals ba~sed on fluorine uctaiiedra rather chan the oxygen

octahedra on witicli all of the perovukite ferroelectrics are based.
These fluoride perovsukices (K~inF, LZ',lF 3 CaF 3 ' and K~F3)whicit

ar lowe~red cha~rge analog of che ixide pecovskites, were found to

have electrostriction and dielectric properties similar to those of

ochur fluoride crystals such as LiF and CaF,. In this paper, we

present ,easurikmencs or s)mw piiysicuL properties of interest and

turther comparisons are Mad~e. -. rc a descripc;.on or thie various

trfcts is necessary.

ELLCTROSTn~I CTIZON

Detailvd phenomenolugial JLv.-ripc..'ns if the properties off

inear diu,1...rics, including cluadr,stic alectrosrrictive effects

hiavu. i~t*un 4i'en alsewliferc M nitoi1r order et'eccs are aer.;.ed

itru ke nii n L~ r!. '.r~ Wt - ,~r ;,r r~Lus Ils,:iss ion. 7,,

t. ti I ho Clinflcit i -in Ju.: wr1 t I1ii c ermIs Cl :li v r aU LCS

scresi, ~ ~ ~ .L1nuoai210901
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AG 2i j ?, Si jk.±?~-.. Ijk.X iJXkl

where Xi i he inverse dieleccri 9 usce1ci)L1iV:. referred to

from here on simply as susceptibility. Q.,v, is the electrostricion

censor, s. kI is the elastic compliance censor, and l is :he
Ljk.L isLjklmn 4

sixth-order eleccroscriction cerm relevant to our measurements.

Since most macerals dealt wich here ire cuoic, all censor nocacion

will be shortened in the usual manner.

In chis work, Che cunverse eleccroscric~ive ert¢c. is used.

By differenciating equation (1) twte wicih respect to polarization,

an expression Eor Clio susceptibility is found:

x( 3 (-) - x,.(0) 4- .. XX (2)

By taking the next two derivations and evaluating nc zero sc:ess,

definitions for Qi and V jk oeofFiciencs are found to be,

-j 2 Aj ijk 4 Oja,

Under a hydrostatic scress, a combination of tran.verse and uniaxial

effects occur. RectiLing Ctac suskepc.oiiicv and diieleccric con-

scant are related oy

* (K-L)c

we zan define coefficients Qa -rid 'or eiectrscr L, c tion under

hydroscatic pressure 2 as:
-! ) *uK

1 '~IL 2
C 'K-L)

1 'i "! - K !) O

0Q
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Tie first str ot equalities show which censor coefficients are

involved and the terms of the rigiit give the relationship to the

pressure derivatives of the dielvcc,'ri, (unscant. Details of these

kind of measurements have been given prevLuusly 1' 3. Measurements to

separate the various tensor coefficients are difficult and has been

done for few solids.

RESULTS AND DISCUSSIONS

ieasuramenrs of Delieccric Citiuscnt VurstLs Pressure

Results of these m,; asuremenLs showed a slightly non-Linear

reLationsitip between K and pressure. t) and 'h zan be caltilaced

using equation (4) and (5) from che quadratic polynomials fi,'ted co

trie data. The results are given in Table I along with values for

other crystals. As mentioned previously, the Qh vaLues are similar

to those of other fluoride

crystals, and are an order of Table 1. Qh and N values ror
•everal fluoride perov,-

magnitude larger than che oxide sv ad orie ruv-
skiras and other r'eliced

perovskices. The values of 0, single crystals.

fur KLInF 3 and KCaF 3 have not been

corrected for pressure dependuncu Q .

of the compressibility, (T).

The lw pressure compressibilitv

is known, however, so the error

caused by nuglecting -:, whik-h
typically ac~ounts for less chan 'lC.

ten oercent ot Ih' will be small ..- .

compared cc) tht errnr in the ', ..

measurmenc. Tlhu values of t .. 2 28

,|re ussntt W I I y cuns tall L ov,t r a

wLdG variety of oxides and

Li.)rides. )tily the alkali

icuorides atnd bromides seem to

show signieicantly different
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values for t This indicates iac is pr,.ncipaily a !unc:ion of

anion size racher than crscaL scructure or ionic charge. The one

exception -may be C-nF . The correcrion fac tor, -- . would have to
3 dp

be much larger than in he ener f ur.de ;rymcnis to accounc enr
the larger non-Linear±c.. Since Ki1nF , ndergoes a qcruc-ural trans-

icion ac 18647C which causes a zonsideraole anomaly 4n cie elascic

constants , Lc Ls noCinconueivabe chac this is indeed che :ase.

However, the larger value of ,uic also be a result uif a non-

linear decrease of sofc-mode trequency wich increasing pressure.

!easuremencs of Dieleccric Constant as a Function of Te-Tnierature

These measurements we're carried our from '0-1OC in a cmpucer

concroLled system described previousLy , for .!IF 3 , KZnF 3 and iCaF3 .

The results for K11nF 3 have been reported previousLy. "he data for

I1gF 3 is shun itz Figure L. The ocher mensiremencs are iimilar

shuwing a sj L.ft clv non-Linear

Uizireasing dieleccric cnscanc

with incransing cemperacitre.

-. .,'" . .- e uun-.inearicy in these

- rmeasuremnents Ls similar :i thac

. (if clie pressure measurements

The values of the cemperacure

coeficiencs of diILeccr.: .-:on-

I dKscant, , ire Lisced in

Table Ir ,long wch :alues ,nr

-. '- Lmilnr r-.tLs. UJnLike cne

1 tPqqI LCUefue LC tL!C., tesie

Figure rIlclc r -r

- c !, L.'r '-It.:., iL. L ,l ,

-,Ilc ne 'tu;irt.z. 7')Q "Hier-in .
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accuunc b.or uniy a fractioii of Table 11. Dieleccric constant and
ics cempuracure coeffi-

chiii difference. Due to the Qienc a: . cnriiant pres-

sofc-mode behavior ac smali sure and volume.

waveveccurs, cite cemperaLure 7rEMP. CCEFF. OF 0 [E LEC 7; ZC I CiS 7.
coefficient for oxide perovbk~rceb-

are orders of riagnicude Lir.LtQr-- _

felacioniiiio apcween J jind LF9

Other Prupercies

'rhe relariontihip bucweeti .64F

properties siici as die ectric KMSF 3. 2
..onaeand, Lhormal expansion, Q.ar-z .5 0. 3 '. Z~

and second and Lhird-Order

elastic constants becomes

apparent if che simple anharmonic (quasi-hairninnic) mnodel of soLids

isi ;unsidured. wuingl rhe Lyqdanut-Saichs-T-_LI'_r relaciun.

K W

K i 2 6
W TO.i

where K. and K . re clie opciLcal inti luw erxgqtutncy dieu.cric con-

scants ruspecL.i&.:iy and W LU nd 4 jrL r pc:..t iLveiv the longitu-

clinai optic and cransverbe optic node rrvquuencs at long wavelenchs,

and the. derinic Lufl of voLUaeisAL~chaurniul Inriibil icy

X V dp (r)

where V is Cte samplt vo Luin..u, lUc Loi Lowing Qc.pressiun ur Q~ca.n

be derived:

Uiir a ri ndT' rdprcbetIC Like il ti .iL t mn. c* _I:iuoc

,rcli versiis 1- Jispersiua rttLa~uioi .IL LIflI, wave.'een-_ths. 1 he

aru~ specific zasv~s of tdhe ;,r1~nvrl moIde Aamma .ic wave,,,t:ror
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defined by

y ) (k) dV 

(

where I indicates whiLah branch ,or cli di persii,1 relacion Ls being

considered. y. Is imi arLy defined as

- a = - 7 (10)

lielacionshio Becween o I, K and

If cite mode nmmisS are considered co be independenc of and

K, chen the proportionnl reLaciunships

-h and Q X.r( )

UcL6no , u-ing Ferruelecric5 as *xamples of Lw O aceriis.

founid cite empirica. n zwsciutrshp
c K-L.Z andQ 0 7 l2)

Using che 3orn expression Cor Lacctie energy,

U(r) A 5J

where n, cte Born exponenc, has . .,alue becween *i and LO or :!1e

aterial.s considered here, he derived :iae che,,recial relacionsuips

Q K 0Z and 'Y " )

tn Figure 2, (I 1.1,.Led IS ,A Luic:Lon of dieLe:crtc constanc.

The upper Lin L md! ,att.s I r,_eL- i c i sh ip Lika Chat e UcliLno ( equ.

L2) . A J.iupe ,)t" -{ <rs,',ince o( te Cjr',c. 'eiss Law ;,)r

;,rossure nd c te 'AIL t i L ) L c:.nu;ced. ;lav Lawer L:ne nis ,o

si~nin.. Ltanc iLoe Ln ,i:ree:mw.ir. ::1. . _jyuac .wm L . .'TLe ,:nn . .-

il : u, O ( FL L . ; : ¢ l.'r, "=, i s ; i ! ptI!' ; ). ,=n
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10 -_ _ _ _ _ _ _ _ _ _ _ _ _ _

1I0
1

a Uo101

uii010 Q01 'M'i0 *

Figure 2. Log-Log plot of Fiw;irtu 3. Lor-lo:; PlOCo f volume
dieJ.dctric cunuctanc compressibili',i v'ersus
ve~csua Q1, foc a 'ari- Q11. (fifica~ion Ls same
etv of crystals * - as in Fig 2 cxcepc:
oxide parovskice; +tg)
A-Clucide pr-ruvskicv,
O-dhamund-Cype. cry-

0-fluorite-cype cry-
scal).

In Figure 4, relative ch.ange in :umpressibiLity Withi pressure,
I aX1.

- -. which is a combinat ion uf s,.cund and third urJer eltstlc

constants, is oloccdaganst~ o) it A strict linear reiaciunshtip

of theG form, for p in N/ra

-O.L3 + 1.3 (j10 __

XT dp~
is demonscracud. ',his shuws ji siar mple relacionsnip bvtweLa

two Uilrd-orat-r jaiarmouiac *L ttLS .

!r to ciocnsl LJ_ tw,.ren 0, and Thrn.i I r~as fn (Ot

Grunt iS.Z.CS L tlkeur" Wa or inaL1ll 1>' Lu Li actd tj explin cher'.IaL

expans Lom e L r _: s. Che ove r;il nio~ldLu :I MSi*~ r1. 1n L ~ 2~L .MlC,

is defined i~s:

C y.C
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-m~e re y.are tiie .nu~.viduai -node

aammas, and C. is ch :nciu

cion af mcide i to the heat capa-

t c Lcv. The seco'nd elita ., show~ :hie
-Q tctonsti i n etween Y and io Lume

on ie~r~spmu ugC .thie z rsee ii cLy muod *am ,1we

0.irflf C41 *!UUL Ln ti a eU.Ln ,a sal

pre asosur dlerivative PLalsC~, the vrius .ima ma -)e:u

.rerss Qjfor vriou edxpected. toasi tpaeimilr1

za bp derived 'rom equadcln .3.

For:r soi ics, -i 4;s

* tuwn --o !.)e about hr'ee ir ,ur

,) aC se S Sfv 1

ie ueoer TheI~

aL.ues -har-
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DIUECT IT.A~n N-6 7F2E-O1ITO : ?RCSK

M. SiISaINEH, C. SUNDIUS, .SHROLT AN CROcSS
H1aterials Research Laborator-7, :he ?ennsyl.vania State U7n-ver-
sity, U~niversiz-. ?ark, PA -'6802

Abstrac: A m.iedAC capaci4:ance dilatomecer based on
:he design of Uchino and C-ross- '-as been :.)nscruc:eai :o measure
dir:ec:- :he :emperacure dependence of elcrsrciescrain
in 3erovskd.:e :vve :erroe~.aczric zr-.srals and zeramizs. A
mechanical bridge z:zui: i-s used to :ompensace for :herma:
expansionl of :he mechanical comnonents, el-4mnaring :he need
.:a Cseosailaion. -.he instr-ument has been used in
:he temperature range from 20*C zo 200 0C. :n :he AC method,
the eleczrostric:ive strain under AC driving field4 is compared
:o the known strain induced i-n a quar:: reference zryistal under
phase locked conditions. -nIe method has b een checked wizh :he
known ziezoelec:ric behavi-or of iuartz and of selected "?
disk samples. Measurements of Cconstants will be reporzec
f:or lead magnesium niobate ?MN) lead magnesium nio .bate:Lead
:izanate scolid so-u:;.,ns ?ZP),and lead iron niooace:l1ead
ir:on cungstace (PF:: ?FW').

:'NTrOKDUc'::ON

-Iectrostriczt-on, :n e ef:ec: by which all materials, upon appli-
cation of an eleccti fi-eld, exhibit a strain orooortional :o -.he
square or that field if o: ncere to bcch design engineers and
:heoreticians. M'easurements or el.czroscriczion --an be made bv boc
direc: and indirect methods.

Dhe strain induced under high app~ied field conditions can be
measured irect.'l using optical detection systems-, suc .h as, :he
interferomecer, optical lever, Laser probe, and optical grid; :i-ray
diffraction; eleczrica-I systems, inc uding :he caoac4i'ive dilaro-
meter and the differential z-ransforner dilar-ometer, and --he scrain
0gauge method.

ndirec: methods entai: re7acing app!-ied meciianiza- 5t~55 -

variation in de*ec--riz constant and employ ei:her a n ressure gauge
or induced piezoelec:ric raso:.cace :echn-*-ues.

Of these methods, th-e AC zapaci:ance dilacometer 4-s :heso-
est and it is the best system for :ow fre'cuenc, ,kC di4rect neasure-
ment of eleCCroStrC-ion.

The temperature dependence if elacct,:scric:t&.e :-oeffizien:s -:-
perovski:e-cv-oe :erroelec:ric-s is imnoortan: -:or:z ecr)-a:

or lecrosr~civemechanisms. M.easuremenz o: n.s peencen'ca



t.ie high zempera:care, oparael.c:rtz pie 4.s prefera..a because :he
scraia effect i~s wnollv elaczroszr4.::ve :_= ths :rhase. '.e asu r a-
mencs iri :Iie ferroeieccric phase are zomnlizaced by the presence :)f
piezoeleczrtit-v. )z

71ne AC zapaci:ance d.lacomezer _-escrt.oea byovc i.n ~o and ^rosa-
-las oeen modified to faciZ_:ace 4-ts ise for el.ec:oscric::4 e measure-
mencs over a large cem~eracur e range. ::'as been equi4poed wizh a
mechanical bridge circuit desgined :n compensate -or :he--a! ex-pan-
sion .rizhin the .Z4-acomecer, :herebv el~inac2.n7 :h aedfo

servo stabil-4zacion. -The 4-iscr,en: '-as an ,oceracing range of 01^
to ZOOO- and :an resolv,.e 70WJ frequenc-7, AC --near :os:acemencs

The sensing element of the dilatomecer is a parale& olate
zaoaclzor composed of c-do pieces of M1aczor glass :eam4
sputt:ered gold electrodes. TLhe tvo samples to be measur"ed, a :4ezc-
electric quartz stancard and an -unknown, also have spuczara-d go

eleccrodes. Each sam~le is oosizioned bec-deen one .glass zerami:z
nlaca and the ucoer/lower oar: of the di4lacomecer frame, as sl-owr
Figure 1. The top plate is supported oy :hree adJuscable sprins
i' ~e the :OocZom mere17 rests upon :ne sampole as showrn. L'hanges :r

place separac~on are associaced :na ziange in zaoaci:ance wnizn
Ls monitored 'ov a capacitance ortdge.

.Am AC signal of ±z ao~iec :o an eleczroscr _z:4ive sammlev_....
zause :.-ie zaoacicor olaces to v~.'race at a -: -uency of :-nz.e
output 4nder these zondirions is; zomared wi:ri :he poiezcelac:r:
response or :he quartz scandard u~nder phase-_Ic._ ad zondic-ons :-
iz appol4ed field, and the elec:roscrio: .ve zoef:ic~enz hr:e sano-e
:an oe :a u. .ated. A 'zloc4 diagram :)f :ie syzmen _gr

r O~c.tza .I - ci .-1 -.aS m n

an amp~ '-n 1.I



DIRECT MASUMDNT OF E,:,:tOsT2,C.:ON ?. ?tZOVSKiTE.

TBfI.AL E:.2NSION COUENSA::C. 3r:DGE

This system, as originally designed, was extremely sensi:'zle
to temperature variation, and the :hiermal expansion due to a IC
2*C change in ambient temperature would cause the cavacitance bridge
to go out of balance. To compensate for this thermal drif:, a DC
servo system was used. While the DC servo provides adequate commen-
sation for room temperature measurements, a more complete comgensa-
tion device is required for high temperature operation.

The thermal effects within the dilatomecer are two-fold. As
the inside of the instrument, which is composed of glass zeramic,
electrical shielding and brass supports, expands, the result is to
bring the capacitor plates closer together, thereby increasing :he
stationary capacitance, Co . :he outside of the device, however,
consists solely of a copper cylinder, 9.6 cm high, which is used
for shielding and to support :he upper half of the dilatomecer. T*e
effect of :he expansion of the outer cylinder is to separate :.ie :wo
plates, causing CO to drop. The second effect is much larger :an
the first and in the uncompensated dilatometer, C. falls signi:'-
cantly with increasing temperature.

To compensate for :he excessive :hermal expansion of :he outer
part of the dilacometer, a mechanical bridge was designed and bui::.
This bridge consists simply of :hree Super-invar rods, 12 cm long
and .64 cm in diameter, wi:h a :hermal expansion coefficient <1.6x
10-7i/ C. As shown in Figure 3, the rods are evenly spaced around
the dilacomecer and are clamped to a variable position brass ring,
which in turn, is clamped to the copper cylinder. The por:ion of
the cylinder below the ring now responds with the :he.a- expansion
of Super-invar while the remainder behaves as before. By varying
the length of Super-invar to copper, a point is found at whic. :he
thermal expansion of the outside is exactly equal and opposite to
chat of the inside.

DERIVATION OF TiE CONSTANTS '

The coefficients used in
this calculation are it, ruie ,

electrostrictive voltage coeffi- ------

cient; Q, the electrostrictive '"

polarization coefficient; and
d, the piezoelectric coefficient. " .
',he subscripts, s and Q, are
used to designate the electro-
strictive sample and :ie auar:z
standard respectively. Z is the
thickness of the crystal, -Z is
the induced displacement, E is
strain, V is applied voltage, . -igure 3: he-al exoansion
is the external electric field compensa:on oricze.
and ? is polarization.



The 'strain due :a an aleczric !4.eld aaol-4ed across an elec:ro-
Sc:±ctive Samni.. 4S

Es (7) s !V

That due to an applied field across a q~uartz standard is

Z ~Q Q Q
The signal detected from the capacitance bridge is d-4recc-y prcoor-
cional to the change in capacitance, -which is directly proport.ona.
to the displacement of the0 (sample, quarzzi. T-herefore, :or a ;iven
output signal,

signal '1 3 Z Is - Q Z Q

Since, -

7,

and V

The e.lectroscriccive polarization :oer:.cien: , .4s ,e.::ned

-- QP

"hen P ? (E)' is known, Q may be :a2.culaced from s

Q N6 V2

5EsMIw17v71 ANDl ?=rSOA;C!
To check :he AC sensi:±vit-,, a quartz c-.-sca-I was drivea a:

14 Hz. TZhe output of the lock-in amplifier as a .;uccion of app-,-ac
volrage is given in 7,4urs 4 . :lie exneczed linear -elat:on :zr
piezoelec::icicy Ls clearly observed. The piezoeleczrtc:- r:can
of the quartz was calculacad --sn --he absoluca calibracor :('artable
air capacitor) described ii decaiI boy r.chil'no and Cross-', and is

(about 3. 'hizher than :he prvtous!-: -zaorced val.Le, d ~ .3

*'o significant :-han-s -..as obsr-.zec i :z-e za -;a ac e-
c..en: !or quartz :)ver :.,e :amoera:..:e r-ange, a~2OC nc :ne
resoonse remailed 1:near in eaa~. ia a~ X.

The oiazoel~eccr-: e::-ac: o:i a soL4: ?: ;?bZ: <§f -.> :as
measured at room :emperac..re and :a: '~azadi r o m



DIRECT :1EASMP N:T OF ELEC:'OSTnICT:O1; : ?E2OVSKITE...

M_ MUATZ
ds d33 m

where: m is the slope of L2 vs
V for the PZT,
is the slope of AZ vs
V for quartz and

dQ - 2.27102  i
A value of d3 3 - 415 C/:; was
found and is in good agreement
with the value of 425 C,,
measured by the 3erlincour-
d33-meter.

RESULTS AD DISCUSSION

The data from measurement Figure 4. A typical plot of the
of piezoelec:ricity and electro- lock-in output (mv) as
striction in cry/stals and a function of voltage
ceramics of quartz, anplied on quartz.
Pb (:1gl/3b 1/3 ) 03,
?b('.gl/ 3Nb2/ 3 )0 3-lO% PbTiO3 , and
?FW-PFU is listed in Table i along with -he previously published
dataS.

The temaerature depend- Table I. Qm measured by "his
ence of the electrostric- system -or the samples
tive polarization zoeffi- shown above :ompared
cient, Q11, of a ?!:N-I0%PT- with --he renorzed data
5,,gO system was invesci- published earlier.

3ated above its Curie
:emoerature, 40C. A plot RESLrs
of QIl versus temperature P "-impt Pf'i-' uaI
is shown in Figure 5 and A
shows the Ql1 of this 6.0 .00 25.670 w.7
system to be independ- r_ .CT_ -t0/4, '0/ 2/ 173
ant of temperature. Future " I.0.10 5.0 8.40" '
work will be on the measure-
ment of electrostrictive pro- , C).
perties of single cry7stal 0.S.,O. .. 0. - -

3aTiO3 (barium zitanate) ..... ...... _ ___ __

in paraelec:riz re-ion. , ((/") - - -

L. 1- Uchino and L.E. Cross, -erroelaztri. s 3 3

2. :. Kuwata, K. Uciino anc S. :Tomura, Thn. . A:n.. ?hs -,

2099 (L980).

3. S: Nomura, :. Kuwata, K. Uchino, 3.J. 'ang, :.E. r:ss arC
R.E. Newnnam, ?h,-s. Sca.r.. Sol. 'a), 7, 3 - .
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Figure 5. Q11 (m 4/C2) as a funccion of camperacure (*C)
for a ?'.I-L.%?r-5%i;Og sampie.

.. V.S. 3octom, :.A1. ?hvs. -!, 3941. 2.970).

5. S.J. Jang, K. !Jchino, S. Nomura and L-7. Cross, 7-ar-o-e-lectr4-s
27, 31-34 (L980).
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POLRIZATZON AND DEPOLLIZATION BEHAVIOR OF BOT PRESSED LEAD
LA/frANU ZIRCONATE TITANATE CERAMICS

TAO 11. CHDI ZHILI. AND L.E. CROSS
Materials Research Laboratory. The Pennsylvania State
University. University Park. PA 16802

Aksjza.U-Studies have been made of the polarization and depolar-
ization behavior for lead lanthanum uirconace Cicanace ceramics
with ziroonia:tLtania ratio 0.65/0.35 and La 2 O3 content from
0.07 to 0.095 (7:63:35 to 9.5:65:33). Continuity of the dielec-
tric dispersion on cooling unbiased freshly do-aged samples
suggests that &Gross this whole composition range for tempera-
tures below the dielectric mazima. there are no macroscopic
phase changes. Large remanent polarizations may be built up at
low temperatures by cooling nader suitable DC bias. bet the
ceramics will 'stand off' signzficaCt bias levels applied at low
temperature and remain dispersive. Depoling on heating becomes
progressively less abrupt with increasing L 2 03 content but is
always accomplished well below the temperature of the dielectric
mazimnum. A model involving the ordering and disordering of
polar micro-regions under electrical and thermal fields accounts
well for the observed properties.

INTRODUCTION
The thermal depolarization behavior of electrically poled lead

lanthanum zirconate titanate (PLZTl ceramics with compositions in the
range of PbZr 0 .6 5 Ti 0 3 50 3 with La.20 3 additions of 6-. 7-. and 8-sole%
La203 have been of 'interest for the behavior of the pyroelectric
current. dielectric response, and electro-optic characteristics 1 3.
It was clear from the early studies of [eve 4 that depolarization of a
short-circuited PLT of composi-tion 7:65:35 occurs at a temperature
well below that of the dielectric permittivity maximum. Dielectric
data of Salaneks suggest that the I' mazinum is strongly dispersive
as in ferroelectrics with diffuse phase transitions (Jelazors). more
recent measurements by limura. Newnhan. and Cross of the elastic
shape memory effect suggest that the shape changing ferroelastic
zacrodomains are lost in these ceramics at the lower depoling tem-
peratulre.

The present study was carried out to investigate nore fully both
oLjing and depoling characteristics of transparent hot pressed PUTs
.overing the composition range from (7 to 9.5):65:35. Data for the
3% La2 03 composition have been presented earlier , but some are
reproduced again here to compare with the 8.8 and 9.5% La9O 3
cumposi tions.

:ijQLE PREP.MATION AND EXPERENT.AL PROCEDUR,
Ceramics ased in these studies were provided by the Shanghai
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Institute of Ceramics in Cia. Tafers used in the present studv

verve *: from bulaes of near theoretical density, high optical trans-

paxescy and Mean grain sizes Ln the ran#e I to 5 An.
Diesleecic pgoper-ees vee Measured O a computerized automatic

Measuring system using tAe IP LZ metrs V 4274A and 427,5A iznsr I

982S oomputer control. Pyroelectric currents were measured .ftb in

3P 41408 pia-mperemeeer. A Delta Design 2300 environment chamber

covered the tange -IS0 to 2004C and temperature were aeasured wit. a

platinum resistance thermomecer on a Flake 8502A digital nialimeter.

SeeaL software was developed for automatic measurement and all datca

were recorded on flezible Magnetic disks.

The uempersV eur dependence of dielectric ;er=nitti7vt 7 I
8:63:35 Pnr cooling ander zero bias, and under a OC bias of 3 kVz'c
for a cooling rate of 3eC/2ia is shown in Figure La and lb. Sup-

pression of the dispersive behavior (rilazor ca racter) 4nder bsias is

clearly evident at temperatures belOV 554C. Siilarly for an 8:65:35

PZT sample cooled to -71C then biased to 3 kV/cm and heeted at
3eC/uin (Fig. 2). the persistence of the discersion up to a tempera-

tuse Tf folioevd by a sUppTessed no dispersive region (2) a ro-

emerTenCe of dispersion below T, (3) and the 4 onventional !IheF

temperature non-dispersive regions (4) are aite evident. That T,

and Ta are poling and depoliAg temperatures is evidenced 'rom th

pyrOeletrio curreas (Fig. 3). and the integrated current hows the
coareasonding build ap and decay of macroscopic polarization.

Data has already been prisented to show that T f decresses wi:h

increasing bias field. and the ktne tic a 're of the change Ls evi-
4d:1 from the dependence pdn heating rate

In CAe &3/65135 P' oan cooling'a freshly 4.-zged sampLe Again

the di sersive chaXaZtr of a relaXor ferroeLectric is cleaCl7 evi-
deoeed ( ig. 4a). Sets. however. ander even high DC bias of 15 kV/cm
the relastion is ac completely suppressed and tlere is no evidence
of an abrupt change such as4hat seen in the 8/65/33 :6ompOstioas
(Fig. 4b). That the polarization builds mp and decays in a -sthe

similar manner to that in the ceramics of lower lantchanium content
is,however. evident from the integrated pyroelectric response oc a
sample cooled %Ader field (Fig. S(t]) as compared to that of a sample

cooled without field to -1.ooC then biased to 3 kV/cm and heated at a
conscant race of 36C/,inu:e (Fig. SE1]).

It may be aocted that the major changes vith increasci Lar).

content is that the polarization levels are lower, the charleq ict

more gradual and occur at Lover temperature.
In the 9.5:65:35 this trend is continued 'FLi. 5) iad here

higher field of 6.6 kV/ca was used to produce comparsahL :oLarat:e
changes. Larger polarizatiou Levels can be induced in boc .3 ir:L;

9.S% LaQ 3 compositions. but onl7 b7 9oig to 24cn hi&he: '

Levels.
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D ISCUSION
The continuity of the dispersion curves in all samples below Ta

suggests that in the absence of a driving field none of the materials

goes through a normal macroscopic phase change below T . This would
appear to be confirmed by recent measurements in Shanagai of W. Yin
and coLleagues (  who show that in grain grown PLZTs of the 8:5:35
composition the individual grains have isotropic optical properties
below T m in the absence of an external field.

For tihe 8.8:65:35 and 9.5:65:35, the dispersion and poling:
depoling behavior are remarkably similar to those observed in
Pb(Hg 1 1 3 Nb2 / 3 )0 3 , Pb(S 1 12Ta1 /1 2 )0 3 and other relazor ferroelectrics.

It is thus tempting to apply the model of ordering of polar micro
regions under field. and disordering under temperature to describe
the observed build up and decay of polarization. That the 8:65:35
composition is optically isotropic grain by grain on cooling again
suggests the model of disordered p.olar micro-regions. Nowever, in
this composition the disordering Is rather abrupt and has many of the
features of a phase change.

We suggest in speculation. that in analogy to magnetism. the

PMN. PST. 8.8:65:35 and 9.5:65:35 composilions may be superpaseoelc-
tric but that in the 8:65:35 the phenomena may be more analogous to
that of critical saperparamagnetism.
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REV3SIBLE PTROM VCR1C -FECT M ?t(Scl/ 2 a 2.  03 cAiAKCS UNDE X 3W "

M RMI*, TAO XT- AND L.I. CRO S
acorals Research Laboratory, The Pennsylvania State 'niversity

Oniversity Park, ?A L6802, USA

Abstract-It Us been shown that quenched .?b(Sc,/,2 a,12 )03 (?ST) disordered :er-
mic- nd Wcrystals show diffuse dispersive dielectric propertiaLs, while Val
a-neled ordered materials exhibit normal sharp first order transition. -he
pyTOalaeCtic depolarization mesurements taken using a Hewlett Packard Model 414 B43
picminetear/DC Source under computer controlled heating cycle also have shown
different behaviors between disordered and ordered materials.

In this work qyroelctric msaurmens by Chynowoet method under DC bias up
to 1.8 Wm within a tmperature range of 70*C around the temperature of -im
dieliectic constant have ben studied. A very significant enhancezent of the
pyroeolctric signal under XC biase is observed in thermally quenched disordered
saiples. The largesc enhncem of the signal appears at temperatures some
dogreen belowv the cemnpracure of maximm dielectric constant.

The existence of alcrodomalns in disordered materials ts believed to be
responsible for this now extrinsic component of reversible pyroolectricty.

The large reversible pyroolectric effect is a promising phenomenon for
developing new pyroelectric devices.

1. flIT10UCTI0N

In PST single crystals and cramics which are of simple perovskite structure the
combinatian of 3-site cations in tie A303 structure is close to the boundary between
order and disorder-. h e derret of ordering of the different 3-site cations in
these aterials can be controlled thermally. Quenched disordered crystals and car-
ales show diffuse dispersive dielectric properties. while well. annealed ordered
materials exhibit "normal" sharp first order ferroelectric transition. The influences
of the ordering upon the dielec:11c, foerroolectric and e*lastomlaccric properties of
PST materials have been reported 

,
". The effects of DC bias upon the dielectric

properties of ordered and disordered PST cermics have also been explored4.
Plyroeolectric depoLarization studies shoved that the polarization of disordered

saples drops down more smothly, while ordered samples depolarize abrupot-l within
the transition raeion

2
. In this work pyroeolectric measurments by Chynowoth methodD

under DC bias up to 1.8 KV/mn within a temperature range of 70°C around :he tempera-
ture of mxum dielectric constant have been studied.

*Visiting scientist from Shanghai Institute of Ceraics, Shanghai, China.
-~Visiting scientist from Xan Jiactong Universiry, Xian. nina.
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2.1 ?Proacion of fAscar..aJ-

A.ll sls ware prepared v =vvencloma. 21xa4 =zta processi=I 4-,uZ st~cjch-
Ctrc Proportion of ?b43, SCIO1, 7a,- and li.% :,ovoe::nn wre tai4 a

aobali for O hours. .'be sjxturo ;iL e4,&,-.m calt~zed !or ric -tours at 300O-.
mae calcine ;amdars ae reground ann p~tsit~zed. Thdn the 4eits warm ftza ac

L2OO'C for mua h~u. -arning ThZrOj - 2bO for acusiiare :outcrol. k !tma. sizcarl-mg
wasn ;merfma" ac L.460' !ollowod y raii ;uencan; -:o .oatca "..I iisordae. ic?'.1-
:urs. -he degree of 3rdering Lm tho 3-si:. zatons -. r* -onrrdoLa4d *zy -h.amal &ann.L-
La the sample at ..OOOC. Ftal densai--las achieved vare 4% mae..aL zor

.he degree of iralm wa esaJ.~sh~ad ' var~ :4ase ana sulper..at:~ :mil~ac-
Vion tuaIt" 1a the %-r&y ;awder &czarm a"g Jai.; that - a -on !or t-h zagt,@ o £
ordetlng S

:to !orS
la..art±c*.I -bs t-Oop

The degrees of *rder1-n are 1..57 for :he ommas annlede ar .000* !or :4 7%ouzs and
O.. O for the samles ;Umnchad ac ..560: :0 -OCR tammeracurm v~ti :0 -uem

2.2 F'TroetLCrIC MAeNLOXMUNICtS v 2hyUoVeCh XACnd4

mse pyro.-t±inam warm sommurad bwy a sod±.fted Th~,unvth 20C."o. Tho sczeaatiz
ciscrult for soarurians Lsm sacam in -f-gurs I.he Ser'-& :±aI.-:1 :onaISC3 of a oZ.as
'Mlzage Supply, =4 sina. an4 a ligh rarn~scance "109n) across -inica a ram f.r
WA aM OCe~a4d 'na a '31CCkig :ApIACI:or (O. dkf . Th.% JUC'p4s of .otaap.a -a
,.oamacted :o a 2tise-Lock amli.flar zodej. ?AR MR-4. Thno no:~ of --he pTySignal

ca b rUA4 ftau :Is juc-mc i0aer of :ha ph~rn-lock ~ ~m ~~. Aes, o 3453A
tchdo rzv oatiL.onczo e sa t*4o mai±:or the ISava !orm 3f :e pyros:ijai. .4 A ±SIL
*adIacIOU z±aper wjar .rned :w macrol th atm freq~uency of :h1e datactzr so as. :i
oo clnrne the a. ar-e modo :f .7aerat-lon. :a -hIs modo =4 7yrzftl~ct~tc SIg.aal at

.OPONw
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fixed frequency Lia proportional p/ C .o nre p - pyroelec".tic coefficient, [K
dielectric constant. Cp- specific hIeat of the sample.

s.LL" tho *zerinmncs of -.his wort .he ?ST samples ware about 0.25 mm i
:hickness. Circular gold olectrodes were spuczered an to opposite faces of the
samples. the diametcer at the electrode was aoout 5 m. Thin sil.ver leans were
attached to the gold eleczrodos by zeaos of air-drying sil.ver paste. An infrared
projector lamp was used as :he neat source o modulate the sample. temperature. A
Delta design W~ Z300 environmenc chtamber wam used -o change the ambient temperatuxre
about the bolouscor chip.

Figure 2shows the pv'ro-signal measured by Chynoweth method !or the disordered
and ordered PST ceramic saemes without electric oias. Ths temperature range of me&-
surament i 70* around cn* temperature of :,a dielacic constant zaxlmu T. wnicn
Ls 1.9% for the disordered ?ST ceamic sample, and Ls 17% for the ordered one
(Figure 3). :z ise obvious from the figures chat :he pyrro-signal, for ordered samples
Is much larger than that for :he disordered one. T1he pyroelectric signal as a 4unc-
tion of bias ftaid at various temperatures Ls shown in Figure .. If accurate absolute
pyroelectric coefficients were needed. the pyro-iignal would have :o be corrected
for the temperature varzation of specific heat and the non-linearl-ty departure of the
rectifiers at smal.. signal. 7hese correctonse were not performed since only relative
magnitudes are to be u&sed and thuse they would not affect any of cte interpretations
and conclusions. :c Ls clear that as the bias field Increases :he pyroelectric
signal of the disordered PST samsple increases acre significantly than the ordered
one. 'a compare the effect of electric bias field on the disordered and Ordered
materials the enhancemeant factor Sv,. which is referred to as the ratio of the pyro-
signal unoer a 3C bias of 1.3 [C'/= and the pyro-signal under a 3C bias Of 0.1 I/=,
i plotted as a function of :he temperature difference 7-7 (Figure 5). The follow-
ing feature of toe experimental results are obvious: UI) The enhancement factor of
coo pyro-sii~aal under XC oias for the disordered material is higher than :;at for
the ordered oue within the whole temperature range of measurements. CZ) The highest
enhancement factor occurs at the temperatures different from T.. For the disordered
samp* the highest enhancement factor appears at the temperature about Z..C1 below -2.
wh I~l for the ordered sample Lt appears at the temperature about 5*C above 72.

In contrast with the results for the PST samples, the electric bias field snows
no significant effect on L.L~bO3 single crystals at Z3*C (Figure 6).

5.0 1 11 1 40

- .00 FIELD 35 *0 FIELD

;30E-
-~ .025

Z 20-

02.0 100

a.1.0-

-40 -30 -20 -10 0 C020 XC -30 -20 -10 0 10 20 30
TEMP. M) (2) TEMP. (OC) (h)

FZUZ2. The temperature dependence of pyroelectric signal of the disordered (a)
and ordered (b) ceramics.
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3. DISCUSSION

"he uz~.rl-ncaJ. -usu.L:s presencad acoe sho ac th~e X b Las nas a zu= scr. gar
effecr %apon zhe nro.Jlec=c mna'riar if disordered ?S-4 :eraz~ic swmpias :.an :!%a
ordered mne. An enhncownt !acror of 32 for thea disordered ?9sa -.a i*.s aerved
inuder a !):as field of .5 K V/mm. while for t"i ordered one .!ie '.Itpiesc encancemec
factor is an.J. 5. Since the *vro-si±ai measured in "his woic La -roro .a: :ne
reciprocal of :he d±ic=!c zouscanc K. I ce decresa iof K wi.h :nsoec. -.0 X ,3ias
fi.Ld for -ho ordered and disordered ?ST should . jarr-I&"7 responsibl~e !or -.
enhancnt of :ha 2To-signi.l .nder X tLase. iaaver, --he rati if :the.e:±
consantas =mder 2C htase5 of 0.1 'C/= amd, L.3 X7f is I'a :fan 3 vithin --he euci-t
:ameracure rag if --he zasrzn- :.oul.d &ppear :±hac a now *xctLaic oouo=unn
of reversible. .±.alccrtacL7 Lnducad '3y XC Lh8 =at e responsible -or :!%* rr sig-
ait 1~sc enhiancement of *.!% pvo--gnJ. of tnts disordered ?S-, zar.±ics .nder X za4s.

7. exieceuce of 21crodoains in ?e.Lxor !arroiec-crics La -. taeracure re;g.ou z.war
: .ua tow erac'4re if :.he I'seezrtc sz~~L suggested I* a. oL o
hunew wrtr~sc :ouuvonenc if :.ie reersible -%1c~.. zcer :C oIas f.'-*.
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FIGURE 4. The pyro*14cric Signal as a function of bias field at various tepra-
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ceramics. single crystals.

the large dipole moments of the microdomaIns. which are oriented In a random way, will
experience strong orienting force and build up Into macrodomalns. Since disordering
of the micro regions is a thermalization process, small reversible :ezvoraturs change
can modulate the state of microdomaln order and thus contribute a new extrinsic om-
ponent to the temerature dependence of the induced poiarlzacion. :n disordered ?ST
mterial, the direct measurement of the pyroalectric :oeff.cient loy Byer- Roundv6 tech-
nique shove that the pyToelectric coefficient peak appears at -37: igure 7a), whicn
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DEPOLARIZATION BEHAVIOR zND REVERSIBLE. 'Dna ELN ..rC-'. 7N

LEAD SCA I70'I-TAN.ALATE CEZRVICS UNDEr, DC BIASES

CHEN ZHILI , YAO XI AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract The depolarization behavior of ordered and dis-
ordered lead scandium-tantalate (?ST) ceramics has been
studied by Byer-Roundy and Chynoweth method. A sharp decrease
of the spontaneous polarization takes place in a narrow cempera-
ture range very close to the Curie temperature Tc for the
ordered PST materials. For the disordered PST materials, how-
ever, the depolarizacion takes place within a wide temperature
range much lower than the temperacure of maximum dielectric
constant Tm. Evidence of microdomain activities has been
observed in disordered materials. The reversible ovroelec:ri:
effect is discussed in terms of the micro-macro :ransi:ion of
the domains in disordered ?S materials.

:NTRODUCTION

Earlier studies have shown that in the lead scandium-cantalace
Pb(Scl/2Tal/2)03 (?ST) single crystal and ceramics which are of
simple perovskite structure, the B-site cations 4n :he .203 structure
are close to the boundary of order and disorderL. The degree of
ordering of the B-site cations can be controlled thermally. The
quenched materials with disordered structures are relaxor ferro-
electrics with diffuse phase transitions, while the well annealed
materials with ordered structure exhibit "normal" sharp firsr order
ferroelectric transition. The dielectric and ferroelectriz proper-
ties of PST materials nave been reported 2 ,3. The dielectric and
pyroeleccric properties under DC biases have also been studied- , .

A reversible pyroelectric effect under DC bias in disordered ?ST
ceramics has been explored.

In this nacer, the depoLarization behavior of order and :is-
order ?ST materials using both 3',er-RoundvO and Chvnowerh' metnod
are given. The ordering of microdomain region is beliete to oe
responsible for the reversible 'vrelecrici:. 'he microdomain
activity in disordered ?ST ceramics is "er-: similar :: :nat expored
in PLZT'ceramics3 .

*Visiting Scientist from Shanghai Znstiuce of Ceramizs, Shan~'.ai.

China.
**Visicing Scientist f:om .ian _iaorong "":i" -a
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SIlXL'MITAL .R0C-YIRES

Samzle reoaration

Samples used in chis work were prepared by ronvencional mixed
oxide processing. Stolchiomecric propor:ion of ?bO, Sci03, TaiO E
were ball mifled in alcohol -or 20 hours. The mixture was drled
and precalcined ac 800C for 2 hours. .f:er reground and pe!ie:ized,
the samples were fired ac 1300*C for one hour using ?bO ?bZrO 3 as
atmosphere controller. A final sincering was perfored at 1360*C
followed by rapid air quenching cc induce disorder scruc:ure. :he
ordering of che 3-sire ion was achieved by :hermal annea.ing a:
L00OC for 24 hours. The degrees of ordering, S,.for quenched and
annealed samnles are 0. '0 and 0.37 respeccively. The _.nal dens...
achieved was 94% cheorecical wi:h less chan 3% weight loss.

The samples used in depolarizacion scudies were 0.2-0.3 m
:hick wich sput:ered gold elec:rode. The samples were hea:ed :o
150*C at first chen ooled at 30*C, 20 kV/cm for 10 min. and cooled
under electric field down to -70*C. The :emperacure of dielec:ri4
constant oeaks of disordered and ordered ?ST ceramics are :.?C and
17*C a: i .K'z respectively.

Oeoc Larization '.easuremencs

For the modified 3yer-Roundy method, 'he sample in series weac
a bias vol:age supoly was connected to a picoamme:er :. -.,OB. -he
sample was heaced in a temperature chamber, Dela 230U. Lenear
:emperature ramping w:h specified ramping race di/d: -an be
achieved under comOuce-r Zon:ro, us-ng zhe HP 982"A desk:op com pu:er.
?vroeleczric coefficient, which is oroportionaL -o the :hermal
curren:, can be measured directly. The depolarizacion cu:-- e can ce
obtained by integration of the thermal curren. wi:h resvec: -c -ime.

A modified Chy.nowech nechod has been used in this work. 7he
sample in series wri:h a bias voi:age supply was connected -o a phase
lock amplifier -odel PAR ". -8 through a zreamalifIer and a blocking
capacitor. The sample was heacedby a chopped lighc beam with :hoo-
ping frequency around 5.5 hz. The pyroelec:ric signal, which :an
oe read from :ne ou::ur voLtmecer of the onase-lock am.liic*er, 4s
proportional to p/'KCo, here 3-- pyroelec:ric zoeificien:, --

dielec:riC :onscanc, e-- Soecif: heat or the samie.

=---:2..TAL RZSL-L:3 .AND DSCUSSION

.:igure ' and 2 are :he o,!roeec:-:c coe::iencs a. cec'r:-
-acnon cur-es or :6e ordered and 4isorderec ?5 7a:als .ncer
-ifferen: olas elais sl.:n :he 3ver-Roundv mer cd. A-:' n -e
snoncaneous po arizac:n c:-: "he orzerec anc disorlerac samp'-s Ire
:he same, :ce zeoo.ariza:icn Jenaviors are :uice : :::-_-
:he orderea 3am pe. a sharp :ecrease o: socncaneous .arca-ucn
:akes o.ace .n a .arrzw :e.-eraz.ra range "_er cose :o -..
:emperacure - a: zer. :.as .e.i. J ier oas --
s tn..s he :rans:i,:n -owar: .niIher -en;era re.-cte'-.a :he
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Figure 1. Proeiecric eo1.9za) a e 'r a and eooarzac4:
curve (b) of ordered Soamihs.

shape of the depolarezacion curve has no significant onange.
first order transition for --e ordered a:eria e is quite evident.
For the disordered materials, the depolarization takes place in a
wide temperature range muca lower than :he emperature of axinur-
dielectric constant '", .9 eC) at zerz bias ield. Higher bias
field also pushes the depolarization roward higher temperature
range. However, a snarp decrease or :he spontaneous polarizaion
and an elongated ?-a47 section of :he depolarization :ur-.e naer
bias field are quite evident. ':he effect or :ne oias field is more
evident on the temperature dependence cr :he pvroelec:riz zoe:::-4
cient as shown in Figure 2(a). Under zero bias field a zonceaLed
terrace is clearly shown in the low temperature region ofr the pyro-
electrtc coefficient curve. Under small DC bias field, :ne con-
cealed terrace disappears, the :emperavure dependences of :he pyrc-
electric coefficient become more "nora". mn :his respect, we zan
assume that a DC bias drives a d4ffused Dhase :ransi:ion or a
relaxor ferroelectric toward a normal f:rsc order :ransition.

0. 11 . . .*40
OC lll | L I C 54*1 Fd4LS
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UL -0C344
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000
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Figure 2. ?croeeo)riz zoe:: en a, an or-za:on
:urve ' of disorere z ?ST :eranics.
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T1he depo.larizacion curves of ordered and di.sordered ?S-.
materials taken from Chynowech method also exhibi: :he same
cnarac:etriscic, as shiown in Figures 3 and -. A very sh~arp decrease
of the pyrosignal is clearly shown In Figure 3 for the ordered
materials, while a rather wide temperature range o:f :h.e ecreasn4-g
of the pyrosignal is observed in Figure for the disordered samole.

at

.3 0 O .0
?Kw. tot

Figure 3. ?7rOsignal Of Figure ~.?vrosivial of ~ 5
ordered ?ST ordered ?ST zerain4zs
ceramics (arbi- (arb.:rar? scal.e-
crarv scale).

.A. smooth and gentle decrease of :he spontaneous polartiza:4-on
with respec: :a temperature change In :-i~e depolartzac:4cn :-.;-.e o.4
a relaxor !erroeleccric is very1 important for :he reversi . e :'.ro-
electric ef4ec:. ::Is 4n this -.emperac'ure reg-4on :h. -~ 6% 1 e, :
enhiancement of ovroelec::ic signal of disordered ?b: aas b-een
observ7ed0 .

The detailed =echantsm of the reversible pvroe.-crz:.- .
still noc 7ec 'known, however, it is believed :Ina: :'-ana
accivimyt is Of Vical Lmoorcance.

:n our earlyr works" -the evidence of microdomalna:~:e
?L-ZT ceramics has been given3 . :he depolari zamion '3enav,.o:
disordered ?ST -aacerials also presencs apparent :riace of: -a -'ir

domain accivimies. T he splitting of highl:. pooar--zed ma=cccains
inco random or-enced miarodomains may be responsible :ogr :ne so:
decreasing of :he polarizac-4on and :he appearance :' : -e 1z
:erraca of :he pyroelaecriz coefficient at :zero Io-,as :e
Figure 2. Asmall DC bias ."'eld dr-ives :he rancom o:r:encec-
domains i*nco hi~nly oolar4-zed mecas.aba 7nac:c:ma-ns eo:.' :ne
macaria.. i i# po arizaci-on .eve.'. 7.e DC :,-.as all 7 5 S
cescori.n; force of :n-e po~ar4-zac- on un;:a- ~
Therefore, a hiih an'-ancemen: 0: rosigna- aczzmcan~..e!c
reversjob.a a::ac: es..s

:heC ki-ec4: o': -'e -iicro-macr: :rans:-:n:re :c-a:s n
:e.axo r :arroe-a.c:rizs .a anoc'ner---ca. :c:n: :ne
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transition is fast enough to respond to a :emperature fluc:uation
of 5.3 Hz (about 200 mS), while under :he same zondition no rever-
sible ferroelectric effect has been observed in ?LZ. :eramics with
composition 8;63:35. The experimental results on :he kinetic
behavior of the micro-macro transition 4n ?LZTs 3 show :nat the
transition is much slower than :hat of ?ST materials. An interest-
ing question is how fast the micro-macro transition can respond to
the temperature f)uctuazion. A detailed study on the kinetic
behavior of the micro-macro transition of doma-ns is now scil:
continuing.

SUM~ARY

The depolarizacion of ordered ?ST macerials :a<es -)ace 4n a
narrow temperature range :lose to its Curie :emperacure, whn:e f:r
the disordered materials the depolarization :akes place in a wize
temperature range much lower than the temperature of maximum
dielectric constant.

Evidence of microdomain activity has been obser.red - iis-
ordered ?ST materials. The micro-macro :ransitlon of domains in
relaxor ferroelectrics is believed to be responsible -:r :he
reversible pyroe,.ectriz efrect.
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Polarization and depolarization behavior of hot pressed
lead lanthanum zirconate titanate ceramics

Yao X,.V' Cher Zhili,*i and L E. Cross
.Watenals Ruearah Laborroy, The Pennsyluania State Unuventiy, Untueprsy Park. Pennsylvania 16802

Received 22 November 1982; accepted for publication 28 February 1983)

A detailed study of the polarization and depolarization behavior of 7:65:35 and 8:65:35 lead
lar anum zirconate titanate transparent ceramics under dc bias and constant heating rates has
been carried out. The dielectric permittvity exhibits a new anomaly near 0 "C in freshly thermally
depoled samples which is associated with a buildup of macrodomams and the development of a
remanent polarization. From continuity of the dispersive behaviors it is suggested that the
dielectric change at the so-called a--0 transition T, is not a conventional phase change, but rather
is a loss of macro-ordering and a decay back to a disordered ricrodomain texture.

PACS numbers: 77.60. - v

I. INTROOUCTION tion of ammonia to maintain apH value of S. After thorough

The thermal depolarization behavior of electrically washing to remove NO and Cl- ions. the precipitates were

poled lead lanthanum zirconate titanate (PLZ= ceramics spray dried at high temperatures. Reagent grade PbO pow-

with compositions in the range of PbZr 63 l., 0. , with der in 10% excess of the required stoichiometric proportion

La..O3 additions of 6-, 7., and 8-mole% La.O, have been of was then added and the powders ball milled in polyethylene
interest for the behavior of the pyroelectric current. dielec- lined jars in acetone for 6 h. The slurry was again dried and
cric response. and electro-optic characteristics. - It was cold pressed slugs of suitable dimensions were hot pressed in

clear from the early studies of Keve' that depolarization of a an 0 atmosphere at 110 "C for 16 h under a uniaxial stress

short-circuited PLZT of composition 7:65:35 occurs at a of 200 kg/cm-.
temperature well below that of the dielectric permittivity Boules of near theoretical density, high transparency,

maximum. Dielectric data of Salanek suggest that the K' and a mean grain size ot Z m resulted.

maximum is strongly dispersive as in ferroelectrics with dif-
fuse phase transitions irelaxors). More recent measurements I1. EXPERIMENTAL PROCEDURE
by Kimura. Newnham. and Cross' of the elastic shape mer- Samples of PLZT were cut with a string saw and then
ory effect suggest that the shape changing ferroelastic ma- ground to the thickness used for dielectric measurements.
crodomains are lost in these ceramics at the lower depoling generally 0. 1 to 0.2 mr. Electrodes used were sputtered
temperature. gold. The diameter of the electroded area was around 5 mm.

The present study was undertaken to explore more fully Samples were annealed at 600 'C for I h and then followed
both the poling and depoling characteristics of transparent by slow cooling.
hot pressed PLZTs of 7:65:35 and 3:65:35 composition. The dielectric properties of PLZT were measured by a
Data presented here are for the 8:65:35 composition; how- computerized automatic measuring system with Hewlett-
ever. the 7:65:35 material gives qualitatively similar results Packard's new generation of microprocessor-based equip-
in every respect. To avoid, as far as possible, domain stabili- ment. The biased temperature dependence of dielectrc con-
zation of the type demonstrated by Schulze. Biggers, and stant and loss tangent were measured by a multifrequency
Cross. all measurements were made on annealed and fresh- LCR meter. HP 4274A and 4275A in the frequency range of
ly thermally quenched samples. lO-lO7 Hz. with basic accuracy of 0. 1%. The biased pyro-

11. SAMPLE PREPARATION electric currents were measured with the HP4140B picoam-
pere meter. A Delta Design model 2300 environment

Ceramics used in these studies were originally prepared chamber covered the temperature range from - 140 to
at the Shanghai Institute of Ceramics in China. The designa- 200 "C. using liquid nitrogen as a coolant. Temperatur-e
tions 7:65:35 and 3:65:35 indicate in the conventional man- were measured with a Fluke 8 502A digital muitimeter va a
ner a zirconia:titania ratio of 65:35 mole% and a substitu- platinum resistance thermometer mounting directly on :he
tion of 7 and 8 mole% of La.0 for PbO. The samples were ground electrode of the sample fixture. A HP 98 .5A desKtov
prepared from reagent grade nitrate salts of lanthanum and zomputer was used for on-line zontrol of automatic men-
zirconium and reagent grade TiCI,. The salts were dissolved surement through a HP 690B muitiprogrammer :nrerace.
in distilled water and the solutions mixed in the desired pro- All the data were recorded on ,exibie magnetic aiscs. Soe.
portions. Mixed solutions were then coprecipitated by addi- -ial software was developed for automatic measurement.

Linear temperature zhange with soecitrie rates .vas tasily
achieved. The reproductiitiry )r measurements ,as e.ce:-

Visiting sientist from Xian JiaotongL Univerity. dan. China. lent.
"Visitn scientist from Shanghai institute of Ceramics. Shanghai. China. All the measurements were made on freshi , :.ern.ii l

3390 J. Ams. :"Vs. 5,164 1 u6f1 " '983 1 a, .- , .......
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Phenomenon heretofore unobserved in this system and ap-

pemr to divide the response into four disooc: regions. There t.~oo cao0
Wb iMPSRATIJRE '*6t

I misfin I/K oiPLZt&SWJ:35 un edifferent 12u dead acconsmai heat-j a;s ru.

3 L,

- 4

$ 
0  

,is a dispersive region beiow 77, :1, a largely riondiwersive
04,1 region between T and 7,, a tempoerature often referred -,o a~s

ICA1 the a-,6phase change iZ1,l a setond oisversive region bet'Nern
- 7, and T. the temperture of the dielec-ic -naximum

socc and a second nondisversive region abI ove Th. 4
In a sample cooledwnhout bias from above 7, regions

-I 1) l eand J3) cojoin Ufing the whole temperatiure range t:ciow

J 00 2 " . and appear to be of completely smilar property F.
00 0100acc21alJ. On cooling under dc bias, however. 7, Ls Meroduced.

ali TKNPIRAUNRE (*C]

LL '~CN!

I 

-t

'niiuWi and ibi under ic mas of 3 iV /c atzoi;ru : . 2frrso mvrtr
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M l- 3L 40 Z ,

M ol 0 -

2500 2:~ 8 ,-Mt nI

-'00 0 ;00 20
230o (a) TEMPERATURE M)1

TIEMPirRATtJRE (OCI - i.0o
FIG. !. Lnmtc b)*Oavvor O(Uunuuon at r, in~d izfferen hmang iitaa I

but region 12 now persists down to the lowest temperatures
measured and region 11) islost [~Fig. Zibil.

At a constant heating rate 7, shift to a lower tempera- -

ture with increasing bias (Fig. Slail the trniinbeing 5.cE
most obvious in the dieiecuc stffness [Fig. 31tbll. It would z
appear that the product k T, In E is approximately constant z : I. , 0 'I

over the 5eld range studied iFig. 41. k is an arbiurAry con- -c0 00 200
stant- Ibi TMPlERATUPE 1

For 5eid below I kV/cm no T, peak was observed. but
at intermediate fieid levels it was ciear that the temperature MiG.' '71Th bwildup a"d do3~' afli the remanent voiatimuo and ibi 3390.

7 . depends on the heating rare. increasing with faster heat- cSuttdchurng anid 4ncbwpl cuarrent oi PLZT S:65:33 underde sclio(

ing, but being difficult to observe (or rates above 5'C.,'ri k ~V /4=nt constant hamn raue.

'Fig. 3).

Prepoled sampies'do not e-xhbibt :he 7, peak and in no
- 0.2k -- sample could we detect this change on cooling trom high

~ - temperature- A riecesary precondioning is that the sampie
- .be cooled inan unpoled stateand the ieid anlied atlow

O.IOE-temperature.
- Aging the sampie at temperatures below Th appears to

~ 005&preferentially reduce the disoersive component o(K R Fe.
~ o~c~ .and for such samples the pi at 7,. was smeared. in long

aging at low temperature the 7*. peak was often to the point
* where the change was diffcult todisc=nat aiL

- (00 7EOER R 00 20 That the dielectric changes are assocated with :he
buildup and decay of marcropolanizanion has tleen :on-

.*O I. firmed by pyroeiectric mneasurements using the Byer-
1 Roundey' technique.

The remanent poianzarion '=Ilds up rapidly in te lli-
; *.-. -cinity of T, "or a sample heated *'om the devoted :.-ndition

-under afield of 3 kV/cin [Fig. 6tai] ano the charging currenit
z associated with this buiidu, s evident -,n the curre-nt ;ur'e in

- Fig. 6ibi and is in sham contrast :o the deoting current peax
- at T4,. Similar curves for a larger fid of 5 KV cm imFip.

-and "(bi] confirm the di eec-ric trenaos tot 7. and

....... l~a The adymmetry on cooling s ;iearlv evident m -'s
-cc~(a and 8(biwic show that once them~ac-oooiarizea szate

~i !MPArU! :s estabiisheda t n:isuot .cecav igain on zooitig. nhus. _,ni

FTC.~. heoiduandce~v ~~aitilererwie~ azj~n ad ~ aio- he Doling current :eax s -vicent in Fg. ibl.
natea c.arr1 anaicnsari;urrent o?LZT 3o:j .:~~asr Or 2 .,< cmAe.-d :hi -eriavior :r :retoiec irc -e-

zVcni ant0flll ins mae. poied samiesC :s zottrasieo .dlre%-:y ci g.



V. DISCUSSION 0.4F ,, L

The evidence presented above suggests strongly that r - - OEPOLE -

neither T." nor T, are associated with conventional phase .3-.
changes in the dielectric. The dispersive character below T, ' Z25E
in the virgin state is similar to that observed in many relaxor 0 CIZQE-
ferroelectrics and is attributed to heterophase micro regions Z .i -

which are disordered in the thermally depoled state. Since 1. o.o_- -
these "domains" are on a scale much smaller than the x-rav
coherence length or the wavelength of light, the structure 3" -
appears cubic below T. to most macroscopic tests. O , ,

Under bias fdelds. the large dipole moments of the mi- -00 0 100 200
crodomains will experience strong orienting force and ap- a "EMPERATl .RE t-)
parently at T, microdomains can build into macrodomains
with consequent distortion of the structure. the manifesta- ' I
non of optical birefringence. and the emergence of the shape r-Lu -
memory of ferroelastic macrotwins. : c-Z-OEPCL;0 -

Once established below T , the ordered state will per- ' O-
sist down to absolute zero, and no lower change is to be "

Zexpected. Clearly, however, the kinetics of mcrodomai
rearrangement will slow up with reducing temperature. We .

suggest that for thermally depoled samples in the region be- .6
low 0 C the kinetics is sufficiently slow that a dc bias is x
unable to effect reorientation in a reasonable time, and the - ___.. __________________... ._
disordered state persists. If, however, the biased disordered -,CO 0 00 200
microdomain system is now heated at a constant race. order- (
ing can occur at a stutable temperature when the rates have FIG. 4.. ai The remanent potanzation and ib, cnarinq-ds.narling :crren:
speeded up sufficiently. Thus higher dields or slower heating ofpreoled and deoted PZT io5 :35 ianipe, under := io of 3 V ;' d
rats will both serve to depress the temperature T/ of the zrnmit heatfng rate.
change from micro- to macro-ordering. The sequence of dielectric and pyroeiectric observa-

tions are consistent with this iuggested pattern. If T, were
a40r~-- an a-0 phase change. as has been suggested earlier. -,heni it

would necessarily imply that the change at 7. was a conven-
jtional poling phenomenon. In this case the kinetics of :he

behavior would be difficult to explain, and the clear contin-
uity of the dispersions in regions !i and 3) for unbiased

0.OO'- crystals would be a remarkable coincidence.
On balance we feel that the buildup and decay of macro-

S-0.20 domains from polar microregions provide a valid descrip-
oinon for all observed phenomena. A more subtle -phase

change" explanation may be possible. however. bearing in
-1OO 0 '00 200 mind the scale "i the polar mncroregions postulated. Since

(a) TEMPERAURE 1 the onset of a non ero polanzation will occur at a different
temperature in each microregion over the temperature rang ,

-- i.ll, 1 7...,. of the dispersive dielectric permittivity peak. it may well be
2 that on a global scale these local onsets should not be consid-

1.o ered as phase changes.
In this view then. the crystal may be regarded as being

macroscopically cubic over the whole temoerature range.Z0.0 Below some temperature T. between 7", and T.. this-":ubic'
nonpoiar phase becomes metastatie with respect -o a ma-

Z ""O icroscopically polar phase and the :rysral ;an be "orced into
the more stable state by a poling rield. Thus 7. and 7" may

fill .. , ,,be regarded as a feid-forced phase change :o a poiar state
-ic0 0 Z0 and a thermal depoling into a macroscopicaily nonpolar

(b) rMPERATU'ru (OV state, respectively.

FIG. . ai The remanent polanzanon inb nar -.asarng urrent .A question or maor :nerest which remains unresoive-a

)fPt.ZT 3:o5:;5underdcotasof3 kVcmatneatingandcoohing.mesure. :s the nature of the subgrain neterogeneitv :n "he PL7"
which favors relaxor behavior It may be suspecrec :har :n4:
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and limit the polarization on the appropriate scale. but much 'G. H. Haering. J. Am. Ceram. Soc. 5. 303119711.
more detailed structure work is required to delineate this 'w P SeandK. . B e. AppLhys . 44.68 1972: '

heterogeneity. 'T. Kimura. R. E. Newnam. and L. F. Cross. Phase Transitions 13. 11
ACKNOWLEDGMENT (19811.

'W A. Schuize J. V Biggers. and L. F. Cross. J A.4 Ceram. Soc. 61. .1
The authors wish to thank Mrs. Yin Weipuig of the .197).

Shanghai Insutute of Ceramics for providing the PLZUT ma- 'R. L Byer and C. B. Roundy. Ferroelctncs 3. 3-23,197"".i.

terials.

3403 ; Aool ys.. Vol. 54. No. S. .iune 1963 Xi. Zhil. an Cross 3403



APPENDIX 24



JOURNAL OF MATERIALS SCIENCE 13 (1983) 968-972

Dielectric and piezoelectric properties
of modified lead titanate zirconate ceramics
from 4.2 to 300K

X. L ZHANG, Z. X. CHEN, L. E. CROSS, W. A. SCHULZE
Materials Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

The dielectric and piezoelectric properties (d-p properties) of four kinds of doped lead
titanate zirconate piezoelectric ceramics (PZTs) have been measured from 4.2 to 300 K.
The d--p properties of the materials converge wixh decreasing temperature down to liquid
helium temperature, even though the properties have large differences at room tempera-
tue. The values of mechanical and electrical quality factors, Qn, Q,, and of the frequency
constant, N, of the materials increased at low temperature. It is evident from the freeze
out in K' and the associate temperature: frequency-dependent maxima in tan 5 that the
relaxation processes including ferroelectric domain wall motion and thermal defect
motion con-tibute to the d-p properties. The Navy type-Ill composition has a minimum
temperature coefficient of d-p parameters and it is evident that PZT ceramics modified
with Fe,03 can provide good stability and also give the strongest piezoelectric response at
liquid helium temperature.

1. Introduction PZT ceramics in a wide temperature range should
PZT ceramics with composition close to the provide some additional informaton about :he
morphotropic phase boundary (MPB) have mechanisms by which the dopants effect :he
increased d-p properties (1, 21. However, most properties of PZT ceramics and also some nfor.
of the practical PZT ceramics are modified by mation about phase transitions in the PZT system.
adding different dopants to maximize specific
properties. These dopants can be divided into two 3500
groups as follows [3 1: -= 3000 " 2

(1) "softeners": which cause a decrease in the - PE ,:1:.
coercive field, electric and mechanical quality 2540
factors, while increasing the dielectric constant 2co /
and piezoelectric coupling factors. The typical
softeners are Laj0 .Nb:0,. Ta-1Os and Sb2O,;

(1) "hardeners": which cause an increase in "000..
the coercive field and quality (actors, and a
decrease in dielectric constant. The typical -

hardeners are Fe:O, MSO and Sc:O,.
The mechanisms by which these modifiers

act upon the properties are rather complex. ut " . ,
basically. their effects can e explained by !he
theory of vacancy compensation ,i the attice Figwe I -k 3(ot . iiefecnc :onstant. itnsE ell-

perature measuredit a %auenc% *jr sHz. Ina t.eVc
of PZT [41J and of space charge effects ].ied ren.th or I) V "rn. our 4ves ocec ?Z7

Investigating :he 4-o properties or' modified -eramcs.

968 J02:-2461,33 S03 O0 - 3: 7 'ia ' ,tcn n..i. -:4.
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The study of commaeaL PZT wW ais _ave fired or sputtered on silver or joid. eiectrodes
the applicaion engneers a data base from were jud. W shapes met the dimenzonai equre-
which to choose PZT types for low-temperature merits of "ie standard md were suspended M
applcations. vacuum by fine Cu or Ag wire.

1hw resonance measurements were ,"aae on a

2. Experime tai procedure Hewiett f€ckard spectum a yser moatei 3sgsA

The samples used in this study were a family of and dielectric measurements were maaa on aw
commercial ?ZT From one manuiacturer that are automatic caoacitance bndge Hewlett ?- :ard
categorized as Navy-type 1, [I. [I. and V. The Model 470 or 4275.

=aw compotions of the ceramics LS ead titanate
zirconate and --ach type is modified by different 3. Results and discusion
dopants. The samples were received in the form Figs. I a 2 show the temperture ±ependences

of prepoied and Alvered dic=. When possible, of the ierc constant 17 and iismoation
measi ents were made on the undisturbed factor in the range 4.2 to 300 K. The i inI
discs, but it wa= aecessary to cut and repole bar- tan 3 decreased and zonverged at very ow :em-
shaped specdmens to iill the dimensional require- ;erarure. T7hs shows :hat :he oase composzoon or
ments of the IRE standards on piezoeiectric the "our <.nds of cermtcs Ls very :lose. At :oom
crystals (6]. When the ceramics were :eshiaped, temperature, the 4 were widely sevaratea,

IsmO\3 w~d '.7 3 '-

'O '' /

4 -7.--- 4

.02

Rgu,'.e J 'decianicit 2,-,emceracure 'eveneenct: or -'-urt! - Ito( :.eaueriv .0otscant. :/*, Oansc ".!-
:outr ymys o( .oote: ?Z7 -rmcs. 7erarure :or -our yOesv ?Z'7 trarntcs.



70 Figs. 3 to 5 show the mechanical quality factor,
Q., and frequency constant .V, (pianar) and .V

49 60 - (thickness). The Q. of hard materials, types I and
MI, are much larger than those of the softer

" so0 Tmaterials. Because the relaxation processes are
5 . 'C" 'frozen" out, Q,, becomes very high for all of the

40  > 2 samples at very low temperature. For hard materials
4I and IMl, the temperature coefficient of .V, and

30 2. 2. N are much smaller than for the softer materials.
4 ,v - V All of the frequency constants decreased with

20 increasing temperature, except for type Ill: its
.V is anomalous in the4 to 8O K range.TE.MPERATURE () The PZT system has intrinsically p-type conduc.

Rguw, 6 A piot of planat Coupling faCtor. k,, gainst tiviry resulting from excess Pb vacancies [7]. If
tmpermture for four types of pzT r rncs. 5-valence ions replace Zr' or Ti', or 3-valence

ions replace Pb (or vacancies of ?b-"), they
clearly a result of the different dopants. For types behave as donors. The donors decrease the conduc-
I and M, which are the hard materials modified by tivity by electron-ioe -ompensation. The aleo-
hardenen NiO and Fe.O3, respectively, the valent ions which enter the lattice and replace the
permittivity is smaller. The soft materials, types II Pb' or Zr" or Ti"', provide the relaxation ions that
and IV, which were modified by softeners Nb2 0 contribute to the dielectric polarization and piezo-
and Sb 20), respectively, have higher perrmitivity. electric properties. The motions of relaxing ions
From Fig. 2 it can be seen that every sample has under stress is an intrinsically lossy process [8 1,
a characteristic tan 8 peak; it suggested that there and therefore reduces the electrical and mecnanucal
is at least one relaxation process for each sample quality factors, Q, and Qm, even though the d.c.
in this range of temperature. The relaxation resistivity is increased.
processes could be connected with the impurity Because of additional polarizabilty associated
ions and with domain walls or phase-boundary with the defects, the "soft" materials have larger
motion. At very low temperature, these thermally coupUng factor values and piezoelectric constant
activated effects are "frozen" out which make% the values than "hard" materials at higher temperature,
ej and tan 3 converge to the average of the as can be seen in Figs. 6 to 10. "Hard" matenais.
intrinsic single-domain properties. types I and III, have smaller k and d values, and

.N-19 ... T IC-I
... TYP-II

45 -3. " I-i111

40 - 0 10 0 5 0

0

-7

30 --

Zo

0 so 100 "so ZOO 250 Soo
Fire -k piot ifoucting 'ac-

TE.MP ER,7 FR E :ou r .vpe x Z erri
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also maleT temperatue coefficient of e, k, and d solubility in the PZT lattice. Polarization stiffening
puiameters. The effects of "iardeners' are in has been postulated to occur by the onentation
many ways opposite to that of the "softeners. oi slowly reorientabie defect divoies in the 4artce
They behave as acceptors, aot as donors. For and by space charge devetopment it the gain
exampte, the impurity ion of type III as Fe' (or boundary where the exsoived additional Ft3 -nay
Pep). Since its ionic radius is very close to the be compvensated by domain poianon wr may
radius of Z' or Ti 4 , the Fe" ion enters the ~wrs oascn hs.TeacCgV or 4oan

Pb(1 2Z)Olattice to replace 71' or zr?. fIn additions contribute Little to the poian7ibditv and
this location it lacks an outer electron and acts as actually Stiffen out some of thie extinnsic ooiar-
an acceptor to make the hole concentration izability of :he pure materal. The Uimited stiffen.
Increase. producing a more strongly p-cype ceramic. inig of the hard mnaterial (types I arid [II) 'with
'The modification with Fe* creates oxygen t~duced temperature is quaiitariveiy expiained
vogancies and therefore tends to Iimnit its own by this effect.

300~

2501--

Uj X
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The second mechanism that may alter the d-p dence for dielectric relaxation mechanisms is ven
properties with reduced temperature is a change in by the temperature-frequency course of the
phase content (tetragonai-rhombohedral) due to a perirttivity and tan 8, and it is clear that the
finite temperature dependence of the morpho- processes are significantly different in the two
tropic boundary. Some evidence for this shift may cases.
be contained in the temperature dependence of
tan 6, but the maxima as observed in Fig. Z could References
also be associated with rminor dielectric relaxation 1. 1. JAFFE. W. R. COOK. Ir and H. JAFFE. "Nezo-

processes. etiectnc Ceramics" (Academac Press. London. New
York. 1971).

4. Coclusons . . XU, eoeecr and Piezoetectric atemis'"
4 c nin ese) (Sczencific Pibtishnwg Co., 3e0ing.

The main d-p properties of four kinds of doped Cima. 1978).
PZT ceramcs (two of them hard materials. another 3. H. THOMANN, Ferrocifeuwics 4 197:) 141.

two soft materials) have been measured From 4.: 4. tdr, Z. Anegw. Phys. 20 1966) 554.
5. 1. TAKAHASHI, ;ap. . Appl P=tys. 9 (1970) 1:36.

to K. The hard materials (types [ and II) have 6. "IRE Sandard on Piezoelectric Cyszais", Poc. RE
smaller dielectric and piezoelectric activities, but 46 (1958) '64.
they also have smaller temperature coefficients of '7. 4. TAKAHASHI, -op. AppL Phys. 1011971") 1.43
d-p parameters. For very low temperature appli- 3. R. GERSON. 1. Appl. Phys. 33 1 96 Z) 330.
cation, they may. in fact, be preferable to the soft Received 9 July
materials. in both types of doped materials. evi. and ccePred I 2July 1982
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THE FE3ROIC PHASE TRANSITION BEHAVIOR OF Pb(Zr 0.6Ti0 .4)03

A. AMIN
Advanced Development Laboratory, Texas Instruments, Inc.,
Attleboro, MA 02703

L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract Neutron diffraction and diffuse neutron scattering
experiments upon samples of chemically co-precipitaced
Pb(Zr0 .6Tio,4)03 PZT reveal an interesting diffuse behavior,
and a modulation of the background intensity. The observa-
tions are consistent with the development of a short range
order, either in the Zr:Ti distribution, or in the occurrence
of a precursor for the ferroeleccric tetragonal phase which
becomes stable at the morphotropic composition. To test the
latter hypothesis, a phenomenological energy function has been
used to calculate the separation in free energy AG, between
tetragonal and rhombohedral forms over the whole temperature
range below Tc.

INTRODUCTION

The PZT crystalline solution system Pb(ZrxTil.x)O3 between
antiferroelectric lead zirconate (PbZr03) and ferroelectric lead
titanate (PbTi03) embrace a number of extremely important composi-
tions used in the electronic industry. These compositions are
grouped close to the morphotropic phase boundary .MB (."0.5) Figure
I. Transducer elements such as sonar transmitters and detectors
are made of poled PZT compositions near the MPB where dielectric,
piezoelectric, and electromechanical coupling coefficients are
unusually highl. There are two ferroelectric compositional regions
in the PZT phase diagram: (i) A ferroelectric tetragonal (P4mm)
for x - 0 to x < 0.5; and (ii) A ferroelectric rhombohedral for
>x > 0.5. Furthermore, the rhombohedral region encompasses =i.o
cryscallographically distinct rhombohedral phases, a high tempera-
ture (RKm) phase, and a low temperature (23c) modification. The
ferroelectric tecragonal and rhombohedral symmetries are derived
from the ideal-high temperacure-prototypic (Pm~m) cubic perovskite
structure.

Recent low temperature neutron diffraction and diffuse neutron
scattering experiments on chemically coprecipitated
Pb(Zr0.6Ti0 .4)0 3

2 revealed some interesting and unusual features:
(i) The rhombohedral C13c)-rhombohedral (13m) phase :ransi:ion is



A. =, L.E. CROSS

rather broad, and the transi:ion
:empera:ure is not well defined
(somewhere bec;een Z50 and 300K)
as determined from the emoera-
cure dependence of the strongest

/ pseudocubic 311 aflaction (ig.
,, ' 2); (Ul) The diffuse aeucron

scat:ering~data taken at 295 K
with 1.65 1 aeucrons revealed a
q.uite distinct modulation :o the

. background scarcering as can be
IT , seen in Figure 3 (lower pat:arm).

. f'r, This type of background moduia-
cion most likl7 arises from

Figure 1. Lead zirconate static displacemencs in oreferred
(?bZr03)-lead citan- directions, since random dis-
ate phase diagram (I). placements would sim.7 lead ":o

a monoconically increasing back-
zround. as is characteris4ic of
thermal diffuse scac:erl-ng;

N4 (1i1) Calculacons showed :hat
a sImple model involving relaxa-

(tion of about 0.1 1 of the six
oxygen acorns in a T0 6 occ-ahedron
towards the small 1i acorn is
qualitatively consistent wi:h
che general shape of che cur-e.
However, the 221 K data which
were obtained wich much better

S.. counting statistic (Tig. 3,
,_ __ inset) show some strjctura in

'Co ,o 00 che Q range 0.9-3.0 A-! Q -
.rEV ATUM W (4rsin6)/X, indicacive of addi-

cional correlation. These may
Figure 2. Temperacure depend- reflec: a shor: range order

ence of the integraced which is a precursor -: the
incensicy of che cecragonal phase, or perhaps
pseudocubic 311 a tendency towards ordering of
reflection. Zr and Ti acoms.

?HEYOM 0LOGI CAL kLNIALYS S

:n this work, ic appeared desirable :o use the recent- -,

extended thermodynamic phenomenology co examine :he rea.acive
scabilicy poincs of the rhombohedral ('13m) and :e:ragonal ?.=)
modiiicacions o ?b(Zr,3.6,JO.,)03 over :he :eamperacura range frcm
100 K up :o the zri:ical poinc T- '6"0 K). For s3mole-Orooer
f;erroelec:rics derived from a oroacy,;ic ?=3m s- mmecr-7, :he
Landau-Ginzburg-Oevonshirs :her-modvnamic .otanc4_a :aes :oe
form (for 3rillouin zone Zecar nodes)

I



THE FERROIC PHASE TRANSITION BEHAVIOR OF Pb(Zr 0 . 6Ti0. 4 )O 3

0 -4v si#/ h (1")

1.0 20 3.0 4.0 5.0 6.0
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300 0 000 K (b 1 (a )

SI , I . 65 .
.6020- 4 0 60 s
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Figure 3. Diffuse neutron scattering from Pb(Zr 0 .6 TiO .)0 3 .
(a) Data taken at 295 K (1.65 A neutrons). (b)
Data taken with better counting starisics at
221 K (2.64 A neutrons). Gaps in data corre-
sponds to Bragg peaks. Arrows (c) indicate peak
positions derived fom a pseudocubic perovskite
cell with a - 4.08 A.

G a(P "+2P2 P 2  + 4 4 + P3
1 1 *2 P3) 11 1 2 3'

_22. x ,-6 =

+ x(P2P 2 + + P 2 ( 6 ?4 24 "6* 12 1 2 23 3 11 2 '

x _?4(?2 2 4 2 2 =
+ a112( 2 ?3+P Z P2 (P3 + PI) + ? (? I ?2))

123P1 2-3 T 11 "I 2 3

- ?2(S2 + x2x + I  - s (X 2 X" 2 X-2123 1 23 2 3 3(1  2 4E 4 X) 5

(X ?2-+X ? ' ) -2(+ A, ? 211112 2 3 31 24

2 2 2
Q P(X P ~ ?) +4

12 1 2 2 3" LIXI24 2' P 2 4 +3

- Q+(X P P + :2P,? ) ) P ? +Q.44 4 2 3 5 3 1 6 L.

where a , :,. are relaced :o dieiectriz stizfness and higher
order stiffness coe:fcients; s[i, sl2, 5?L are :he elas:i: z::..-
ances measured at constant polarization; QiU, Q12, Q/. are .he
electrostricrion coefficients wrizzen in ooLarization nota:.on.
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The expression is complete up to all sixhpower :erms in polariza-
:ion, but contains only firs order terms in elect-roscric:ive and
elastic behavior.

Tensor coefficients in the free energy function (1) which fi:
the observed ?bZrO3-?bTiO3 phase diagram and :he observed physical
proper:eies (dielectric, piezoeleccric, and ocher coupling coeff!-
cients) have been determined. In the analysis of :he relative
stability points as a function of temperature for the rhombohedral
and ecragonal modificacions of ?b(ZrO.6TiO.4)O 3 it -was assumed
chat all sresses are absent (XU a-0).

UESULTS UTD DISCUSSION

he temperature dependence of the free energy func.ion of .he
cetragonal (?4=) and rhombohedral (,I2m) phases are depic:ed i=
Figure 4. The or.horhombic (3mmZ) modificacion of :he prococypic
(?m3m) symecr7 is always metastable over the :amperature range or
interest, and therefore, omitted for clarity. I.: is obvious from
Figure 4 chat the rhombohedral phase is the most stabie phase over
the entire temperature range as suggested by the widely accepted
phase diagram (Fig. 1). On the other hand, at temperatures well
below the criticaal point, zhe cecragonal phase though lass stabTe
is close in free energy and this may be reflected as a shor: range

p.recursor of chis cec-agonal
T RATURE phase occurring as suggesced by

the diffuse neutron scaccer-ig
100 200 300 400 500 500 data. However', it is interest-

21 ' ing to note chat at a campera-
ture 10 K below che critical

3 " point (640 K), chere is a
rhombohedral (2Um)-cecragonal

WA_ 01 (?4=) degeneracy. Such a
degeneracy lmpues :.hac :he :-'o

XC L P4M111111 sy mecries coexist with ecual.
' ia" 1probabili:v over a limited

temperature range below :he
22 - critical point. The concept o:

Si < an excended "-ifferent symec:-
V1 2I. Rm region" in the Lead zirconace-

- cticanace phase diagram was
30 discussed earlier by i-uoov ,-
34E with regard :o :he zor.Inocrooiz

phase boundarv:'. -.supov showed
chat i: is enerIeticaJis> poss4_e

f-igure :. emperature dependence co have stabie :eragconal
of :he elastic 'Lbbs and rhombohecral 7.2m) ohasas
functions of :he :ne incerzal from : :o :, whero
rhombohedral 22.3m; and xL > x, :hrougou: :he :emoera-
:ecragonaL ?1,mm) modi- :ure range fro room -amerac..ra
l;a=on o-3:o-s?b Z r. 5i . -; a :hcu gn :e ;- z : ese nnas s : -n
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be metastable relative :o :he ocher phase in one par: of :ns
interval and vice versa in :he ocher par:. Ari-Gur at al. 5 "ater
reported a coexistence region of both rhombohedral and :earagonal
morphotropic ?b(Zr,-il_x)0 3 struczures. Based on x-ray profiie-
firting analysis of morphotropic ?ZT compositions prepared :r:=
mixed oxides (dry technique), :he coexistence region was -:und to
extend from x - 0.49 to x - 0.6". On :he ocher hand, when :zese
compositions were prepared by a "wec-drv combinaion echnique" nc
coexistence of :hese z=ao ohases was found, and :he zoex4scance
behavior was explained in :erms of composi:ona f:.uc:uatizn6, n
a recent study, 'Ukegawa at al. ieveloped a special :echnicue :o
obtain monophasic-morpInoropic ?ZT ceramic composi:ions exnbiz:ng
no coexistence and no compositional fluc:uations in :he 3-si:e
perovskize structure. T-he interesting finding of Kakegawa a: a:.
work was chat :he monophasic zomposi:ions exhibi:ed a sluggish
Rm - ?mm phase transizion or vice-versa as a function of ti_e
after poling when they became made up of coexistent tetragonal
and rhombohedral phases. 7n a future work, we intend :o use :"e
profile-fi:ting technique of temperatures close to :he crizfza
point of ?b(Zro. 6Tio.4 )03 to examine the rhcmbohedra!-tetragonal
degeneracy.
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CONTINUOUS POLING OF PZT FIBERS AND
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A new technique has been developed for poling PZT fibers .nd rbbons along the length by gradually advanc:in
them pat two flexible surface ciecuromks maitned at the retuired potential difference. The limitanon on poling
very thick ribbons posed by the sur ace clecvdes -has been determined expenmenrally. New pos.ibilities in
diping composite piezoefecc devices using prepoied eT ibers ind nbb)ns are preented.

INTRODUCTION

One of our major interests in the past few years has been in the development of diphasc
composite transducer materials made from polymers and lead zirconate titanate PZT1
ceramics with highly improved hydrostatic pressure sensitivity. " The concept of phae
connectivity (the manner in which the individual phases are interconnected) has b-een used
to optimize the electric tlux pattern and mechanical stress distributions in attaining remark-
able improvement of hydrostatic strain coefficient (d,) and voltage coetffictent (,,) over the
corresponding values for solid PZT.

Of the several different connectivity patterns studied, -PZT-polymer composites with
1-3 connectivity have been investigated most. In addition to its excellent low frequency
properties for hydrophone applications, its adaptation to high Crequency applications. uch
as ultrasonic medical diagnosis, appears very promising.' These composites with 1-3
connectivity consist of parallel ?ZT rods embedded in a three dimensional polymer matrix.
A detailed procedure for fabricating composites with 1-3 connectivity has been recorted
by Klicker and co-workers.' In brief, PZT-5O1A rods were :xtruded using an oriunic
binder and then tired at i235'C for one-half hour. Fired rods were alikned using an array

t appropna(eiy paced holes drilled in a pair of brass discs bolted parallel to each odenh.
The array or PZT rods was then cast in a polymer matrnx. The omposire so formed .,as
cut perpendicular to the length of the rod and polished to required thickness. The ,om-
poite was electroded with )ilver paint on the major surfaces and poled conventionallv by
applying an electric rield of 20 kV,'cm across the elec:rodes for five min n a he'ted tiA
bath at 30'C. A high voltage power ,upply with a range of up to ten kV limits che thices
of the composites to approximawety 4 mm. Composites thicker than 4 mm cannon be aoied
to ,aturation polarization u ing a 10 kV power supply. Also, the probadifi', i,
breakdown is -euter when poiing thiker samples. T"hese ;imitationrs on rhe :on,entnit

piulnv have been overcume with a erntly developed ontnnuous , iing "e-hnncue "or

14 3
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poling Iong PZT fibers.: In this paper we dc,,ribe the technique and disCuss it geometnc
limitations in poling larve diameter fibers. and mention a few ncv, pos.ibilities for
compoite devices made from prepoled fiben and ribbons.

CONTINUOUS POLING TECHNIQUE

The continuous poling technique uses the idea of gradually advancing PZT ribbons or
iber pasi two flexible surface electrudeb maintained at the required potential difference.

The experimental arrangement for continuous poling of PZT ribbon is shown in Figure I
It consists of two metal plates with rectangular collinear slits separated by a dibtance of
Z-, mm. A carbon-loaded conductive polyurethane strip with an opening for the ribbon
to move in the vertical direction was attached to the bottom of each metal plate u5ing

conductive silver epoxy. The openings in the metal plate and conductive polyurethane stp
were made circular to pole PZT fibers, The conductive polyurethane strips erve as flexible
surface electrodes for contacting the PZT ribbons or fibers. The entire system was
immersed in an oil bath at 80'C. PZT ribbons were pulled through the openings, in the
conductive polyurethane and metal plates at a rate of 1 mm per min. An electric field of
M kV/cm was applied between the two electrodes.

PZT-50IA ribbons/fibers of" 200 to 600 A.m in thickness/diameter and several centi-
meters long were poled to saturation polarization using this technique. Piezoelectric d3
coefficients, measured using a d33 meter, were in the range of 400 to 450 pCi/N Ahich
compares favorably with reported d13 value of 400 pC/N of PZT-O IA.

PZT-501A RI ON

Cu ELECT ROCES
WITH SLITS

*CONDUCTIVE

R 0j, L YURETHANE
OIL BATH AT 8O C
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GEOMETRIC LIMITATIONS

In the continuous poling technique, the conductive polyurethane serves as surface efec-
crodes. The electric lines of force originating and terminating on the surface electrode, are
the driving force for aligning the domains in the Jire tion of the cletric field. The
magnitude of the electric field inside the ceramic for this elec:rode configuration decreases
as a function of distance from the surface of (he ceramic. This decrease in field limits the
size of the rods and ribbons which can be poled to saturation polarization in the incerior
portions. However, in this method there is no limitation on (he length of rods and fibers
that can be poled.

It is possible, as shown in Figure 2(a), to calculate the electric fie!d E' inside :he
ceramic as a function of the field E at the surface by treating the two surface eec:rodes
as an electric dipole with positive and negative charges of equal magnitude. Such an
analysis results in the following expression for field E' along the perpendicular bibec:or
of the two electrodes as a function of depth r.

Ef'= a- + r-) J/1

where 2a is the electrode separation. r the distance below the surface and E is the electric
ield at the surface (r = 0). Figure 21b) gives a plot of E' for an externally applied ie:ld

of 20 kV/cm. Since PZT-5OIA requires an electric field of about 16-18 kV/cm for
complete poling, a sample thickness of 0.5 to 0.7 mm can be poled. But since the urr'ce
electrodes contact both sides of the arnple. it should be potsible to pole salplc of
thicknes I to 1.4 mim.

•...................
+ N
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20

E
0

0 1 2

DOistacr e (r) mm
FIGURE Zb Inside ficld E' a a funcnun of depth (r) within the dielecinc.

To determine the thickness limitation experimentally, PZT-501 A ribbons r'anging from
0.6 mm to 2.5 mm thick, prepared by conventional tape-casting technique. were poled by
the continuous poling technique with a (surface) field E = 20 kV/cm. The following tests
were carried out to ascertain the extent of poling:

a) di. measurements using Berlincourt d33 meter.
b) measurement of thickness shear coupling coefficient (k,,),
C) microstructural studies of the ferroelectnric domains.
Piezoelectric d" coefficients measured with a d33 meter for samples of different thick-

neis are libted in Table 1. Thin samples less than 1.35 mm thick are poled to saturaiun
but thicker samples are only partially poled. The degree to which the interior of the thick
samples are poled was determined by slicing the ribbon to 0.5 mm thin sec'ions parallel
to poling direction. Piezoelecac results givcn in Table II show that the samples are we!l
poled at the cdu,.t, but the icneror pornions are only partially poled. ., prei,.:.ed from the
field calculation.

By elec:roding the major faces of a continuously poled PZT ribbon and the.n applynm
an oscillating electric Field of the proper frequency, the thickness shear resonanc: can be
excited. Shear coupling coefficients can be determined by measurning the fundamental and
overtone resonance frequencies. Small shifts in the resonant frequenc'es caused by electro-
mechanical coupling have bee:n related to k,, by Onoe er Wi. he average shear cuciing
coeffitent gives a measure of the de ree of poling ,n the sample. o

Typical sample dimensions i'or the , measurements were: length: 7.5 to 10 mm; width:
5 mm; thickness: 0.5 to .. 15 mm. The f'requenc:es corresponding to the fundamenta l
ind uvertone frcouencies 'A. A. etc. of the ,hickness hcar mtode reonanc .,ere me-
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TABLE I

J., mcexuremunts on ;ontinuously-po)ital P=T rbbon.

Ribbon (hit.knis McuurediJ

0.60 mm 4)0-4-U)pC,'N
1.00 mm 370 -380 pC."N
1..35 mm 340.-380 pC/N
1. 65 mm 340-380 pC/N
2. 15 mm 300--325 pC/N

TASLE H1

di, mt:=uremtrnt on 0.5 mnm thin ,"tmns cu(tlflfli (hick P'ZTribbuns.

Ribimn dhickics E'4gw iecrion C.nter ection

1.65 mm 410 pC/N 355p7c/N
2.15 mm 31 MPC/N 27 0 PC" N

TABLE III

Ko vaiue obtained from funt~mental and ivertone reinaince frequcritiv~.

RibhinA3 . A
mikg)i MHZ MHz NIHz K, ',/A/1

ex) Mm I 156 5.37 902 3.44 0. 5 j 3 )j
1.35 Mm 1) /5 Z.49 .Z 3.32 0.49 5 6 0,51
1.65 Mm 1) 63 2.02 3.42 3.21 0.41 5.43 0.43
Z. 15 Mm 1) it 1.60 2.71 3.14 0.34 5.31 0.38

A = n4mcni4 rctnun-i rtqucry; f, chicd ovcrrone (rquency; f/1 6IIb ovcrunc frciucq .

t'roin the table in Onoe' puper.' The rmbults are presented in Tabie 1[1. These sarmpiez, have-
highi vulue~i. but -,inuiler -uliue, werte obtainedJ rbr thi,.ke. iarnpies The J ~ n :rt
chit.kne-, ihear (.I)upiflv ci":tlcienc is cxvcent -ii the paw~iJ Ot(Aing o .Jn
:ht: ti nri*en

An uuflohCie ,.it~ ~rnpic )dah ranldomf inf-lL-tion 4) Utomdin i ,~ Id~.inp. iuircr

of, JomLtn walls which can be ob.,er.-.tl 'y prtr-,niu ecching on ji~pie ce

Poling abigmi the Juma2in in the dire::rivn or' d&e, -ric 1ield and reduc,-. Lte urnter
Jimiln walls. A inicrostu.cturul scudv' '.v urned OLIE tO eC-SMaCe [he tedt Jf -.6"M2 L5viri
zhe Jemjity of dumn.-,~ru the chickncei of a cncifluously-po)led ribbon. 7%e ,-ni~

SPoltihecI and 'o~e r 30 1 in 5,r HC iid .I ' HF iolutrinm or SEM xrntu.
I 11% 141 .1 )ir-Kin2 J :n the Je-sitv of Jumains in :hei flnrtuu-" o j cedizn:e

.o lomoure'J :o !he IicitvK aiiioie, 'buc it -.vu Jlinfculr to dif-r ce:v y
(he :h'~~o ne ptuie.. unpiz Tlniz i , prub ;hiv tritt e nor ~r~n
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APPLICATIONS TO NEW DEVICES

1. MUPPET

A variety of new piezoelectric devices can be constructed using prepoled fibers and
ribbons (of any length) and joined together with polymer adhesives to give NMultiply-Poled
PiezoElectric Transducers (MUPPETS). Since the pieces are prepoled. they can be assem-
bled like tinker toys to give complex poling patterns which are difficult Co Construct by
conventional processing. ivlany of domain-divided piezoefectrics discussed in an earlier
paper' can be built up froin prepoied picces in this way.

In lead zirconate tiranate (PZT) ceramics, the hydrostatic piezoefcctric coefficient d,
(=d3 3 + 2,d3l is low because di, and d, are of opposite sign, even though the magnitudes

of d3 and d3, are large. The voltage coefficients g33 (= d33/61 and g;, (= d,163 are also
small because of its high permittivity ej. In a 1-3 composite. PZT rods are embedded in
a continuous polymer matrix. Under the idealized situation in which the polymer phase is
more compliant thani PZT. the stress on the polymer phase will be transferred to the PZT
rods. The stress amplification un the PZT phase along with reduced transverse coupling
and peirmittivity greatly enhances the hydrostatic voltage coefficient.' This concept ot
stress amplification on the piezoelectric phase can be extended to three dimensions wA.ith
the availability of prepoled Fibers, using the new poling technique. Prepoled Fibers can be
arranged in a triole pillar configuration with PZT Fibers oriented in three perpendicular
directions and then cast in a polymer matrix (Figure 3). The active PZT fibers in the
transverse direction perform two Functions. First of ail, they car most of the transverse
stress under hydrostatic loading, thereby decreasilig di, without apprciable reduction in

.. re-
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dil. Secondly, since they are poled PZT fibcrs, they add to the total charge coleccted. The
charge cnefficient should, in fact, be tripled. This is a major improvement over the method
of cranbverse reinturenicntc of a i-3 compohice with siff glass tibers and tubes. u

Nodified lead titanacc ceramics ot compositions (Pb .7,C . )t(:LW )Ti)O3 and
(Ptn SmnmjTi,,,Mnnu2)O, developed recently in Japan"' - have extremely low planar
coupling coefficients. The anisotropy of the electrome hanical coupling factors (k/lk,)
(wherek, is the thickness coupling cocfficient and k, is the planar coupling coefficient) In
[h.,e comp4)sitions is as high as 15. As a result, they will be very sensitive to an acoustic
beam with polarization in the dirwtion of poling, and quite insensitive to any pcrpcn-
dicular vibrations. Prepoled ibers of these compositions arranged in a triple pillar con-
iguration can be used as a polarization analyzer for acoustic waves. The signals from
three orthogonal eiectrode. rt:solve the wave into its longitudinal component and two
.hear components.

Another dpplication is an acoustic phase place made by arranging prepoled pieces in a
selected target array. A simple type or annular phase plate was demonstraced by Furnow
and Auld. 13 The pattern mighc conform, for incance, to the Fourier tran-form of the shape
of the object. or perhaps the elements are phased to detect a target moving with a
preselected speed and direction. We refer to these composites as MUPPETS. N[Ultipiy-
Poled PiezoElectric Tran. ducerS. T'hcy come. in as many odd ,hapes and izes as he
Muppet characters seen (n television.

2. DOFUSS

The DOFUSS (named for a comic strip dinosaur) is a composice de.ice from prepuled PZT
nbb,,n. By poling the ribbon parallel to its length, and later electruding the major 'a,
of the ribbon, one obcainm a !heur sen.or based on piezoelectric coefficient dj. For mreny
p%:rovskice kr-,.talk and ceramic-i. coefficient dJ, is very large. DOF'SS is an aUc7nr,, n rir

D-One.Five (4.) Ulcra.)onic Shear Sensor. The,,e sensmor are inenltive :o l
Coulptinent cep (Ti*

Henni,, et dl." recently developed a devic- to mea.,ure the verticui contactr.
'=,eneruced bcct.-een the planar urtfce of the to)( and in-o)l or a hoe Junn, .ulkin ind
rnnnn, The de,- ic oitr '1kh of a fleoibl: array oC 4q9 riny P'ZT runsduc :r ,:mibcdcd in
- 11ic,;k layer o hiyhiv rc.,tent dliconc rubber. and oo-,'iurtned in the ,hte ins ole. Sirni,.,r
,.,n.ru;fiun an h u.,,cd with -,heur , €ei,,or to f nCo=ration ib the )hcair )irc,-,
,ln-b:uion Jurin ,xilkin, and ruinning.

(:,)n'C.n,)nal puuzctr,. ransfk)rneCr' .re cunipo,cd of i ionm :hin ien a r:,
.alic. (he primari, znd 4 ,thich r ) iknc. pulcd. .vhjle the ,c ndar, ,nd . on
tudinally p4 icd. '.hen opcraicd at ,he e rc ucn ' of the QOnL!tUd.i m(,d:;e

:teO-,kO caoaotli t' I dee-mineU, by :he r:L.ctv,: e~n,_rns ,r :he :oied :'e=tuns and t,"e .... r
..nd l,,,din .m.ndit,)n. 3,,,..,.n .,,.. i s d ed . ntrn,..i =:e,.;:rde ," uliia',..- .r b :r',e 2: ;-ar'.

i~nKc ,to a PZ T :cwnd,,-, . n a i _rf ant 1 ,~m ne:t .n :ne ', ,it._,- :iez-. . -. c'.

".r t r~ r -- .. .. a '. ... ... . ..... "s : " ... ... .. 2~ .. ....... . .. ... " .... . . . rI .... . . . . . ... '" ..
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SUMNMNIARY

Ferroelectric cramic fibers and tares can be continuous]y p(led by the method dercrihc
in the paper. Flexible electrodes used in the poling technique pro\.ide only surface elec-
trode and pose a limitation in poling vcrv thick ribbons, but there is no limit on the lenth
in the rwifing direction. Aniong the new t.pes of composites -%hich can be assembled trmm
prepoled ceramics are multiplv-poled piezoelectric trunsducers INILFPETS) and d, ultr,-
sonic shear sensor (DOFUSS) devices.
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LOW FIELD POLING OF SOFT Zs t

T. R. SH0OUT, A. SAFARI, W?. A. SCHULZE
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802, USA

(Lceive Novernber 22 1982)

Abstract: The inherent high electrical resistivity of donor
doped or "soft" ?ZT's enables them to be p.oled using the field
cooling method. The electric fields recuired for poling were
reduced by a factor of five as comoared to fields used in

conventional poling. Dielec:rtc and niezoelec:r:c properties
are reported.

nrFRODUCTrON

It is well known chat ferroelectric ceramic materials have no

let iolarization due to the random orientation of the axes of their

constituent crystals. Such ceramics can be made piezoelectrically

active by the application of an external dc electric field, chis

nrocess being referred to as "ooling." The effectiveness of the

ooling process depends 'primarily on the number of possible axial

directions in which the oclarizacion can be oriented. Other factors

which limit the ooling efficiency are intergranular stresses and

inerfections, both of which tend to increase and distribuce the

field recuired for reorientation in a specific time (coercive field

E ) and may later induce time dependent domain reorientation whichc (1,2)

causes "ag ens" of dielectric and nlezoelecric nroner-ies.

Generally, the most effective nolin% process is when cooling

Or= the naraelectric to ferroelectric nhase under an apolied

field. -his technioue causes =aximum aliinent, since the dipoles

are most easily aligned as they aooear snoncaneousl- at T, the

Curie temperature. However, Oar the vast najori:y of ferroelectric

ceramics poling is achieved by the aooLicazion of a field, at a

tamoerature significancly less than i, tither for a continuous

or an incermediat% (nu-se no!lng) "ime and at a tamoeratura -. ed

"Commun te4 by ?M(essar L. E. C:oss
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by the zonductivi'y and breakdown characterisccs. Also, due to

-he lov dieleczric *'reakdoun stren th of ait -cramic surfaces the

poling oneration is usually carried out in some insulating medium,

e.g., silicone oil.

resencly, "he most widely used fer-roelectric ceramics for

niazoclactric annLications are based on lead zi -onate :i:anace

"b(Zr._,:'i,)O Bl compositions (designated ZT). The most useful

.ane of comnositions are oiej with x ranging from 0.46 to 0.50

which lie close :o the morphonropic phase boundary, in which both

a :.craTonal and rhombohedral forms coexist. Ceramics of these

comrositions can bo efficiently poled due to the large number of

possible directions in which :he polar axes can be reoriented, i.e.,

6 'or the catragonal and 8- or rhombohedral, : hus giving a total of

14 directions. ?oling of such ceramics is usually carried out by

.he apnlication of a dc field of ZC-60 kV/in at :tperatures (100-

150C) which are well bela To (--330'C) and for various lengths of

time (microseconds to minutes). The extrmely strong piezoelectric

effects exhibited by poled ?ZT ceramics can further be modified by
.4 3 -1 "

smal amounts of dopants. Addit.ves such as , , Mg are
"accepcor" substitutes causing oxygen vacancies. Changes in Charac-

-ertstic nroperties include an increase in :he coercive field,

mechanical and electrical ;ual- fat'ors. Such modified ceramics
ae5 - ." -3

are referred to as "hard" \ddi:ves such as Nb , a - , -a

are "donor" substizuents creating lead vacancies. The charac-ert.s-

tic mroverty changes are lowered Z ,increased dielectric constant,

dielectric loss and electromechanical coupline coefficient. Such

modified composi:ions are referred to as "soft" ?ZTs.

The "soft" OZ.s not only have low c's, which allows more

:horounh nolin, but have elec-rtcal resisivi:ies several orders

of magnitude higher than .hat of undoned and 'hard" ?ZZTs. This

sugpesCts that 'sof-" '2Zs may be able -* sunnort a relatively h,.h

dc electric -4.eld at 'igh :amneratures ( wt ":hout d-elect.ric

breakdow and thus may be ,oLed more ef:iceent.i by .zeLd :ool-ng
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through T . Since the required poling field should be quire small

(E€ decreases as you approach To), the voltage necessary to pole

large samples would be significantly reduced and there would no

longer be a need to pole in any dielectrically insulating medium

other than air.

The purpose of this investigation was to see if "soft" ?ZTs

could, in fact, be poled more efficiently at reduced dc fields in

conjunction with the field cooling method.

E3PERLEArTAL PROCEDURE

Two commercially available "soft" ?ZTs were chosen for the

present study. Several sintered and electroded PZT disks were

received from Don 3onnema of the Edo-estern Corporation. Also, in

this seudy,samples were prepared using a commercially available ?ZT

powder.* Disks were prepared by firing at 1290DC for a soak period

of 1/2 hour. The disks being fired in closed alumina crucibles

with PbZrO 3 added as a source of PbO. The fired di&ks were found

to be a. least 95% theoretically dense. The disks were polished

parallel and electroded with a fired on silver paste electrode.

'Preliminary electrical measurements included the dielectric

constant (k)* at room temepracure (I ld~z) and as a function of

temperature to determine the Curie transition. Electrical resis-

tivit7 was determined using a HP model 4140B pico-ampmecer** with

an approuriate field (^-0.1-0.3 kV/cm) being applied across :he

samples. The resistivities were determined over a temperature

range of 250: :o 550*C.

In order to determine :he feasibilicy and;'or effectiveness f

the oronosed field zoolin3 method, various dc electric field leve-s

were a.olied at a :emnera:-re well above Tc (4.n air \ wit1 the

*Hewlett ?ackard (Model -47A) Automazed *-apaci:ance 3r-de,
Hewlett Pack<ard 1-59-1 "'ovygi, Tokyo, :aan ..

H*qewlett ?ackard 'Model - oico-amometer, Hewlec: ?ackard

1-59-1 Toyvc;, Tokyo, :apan '.3.
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S a :*~-41: '.eco.: co.. . -zc.n) :o a : ameravure .el below

" "7- :re -4--r ovi.n :he field. ?or comoarison, sampies were also

zoren:ional-- noled I- a sti-red si .cone oil oath at .40% by

aonl.py~ng a dc !iald of :5 k7/= for 3 minutes.

" ediaealy af:er poling, the piezoelect:i charge constant

.;as measurend using a BorI-incourt d eter.* The ;ilanar

:- oelflciant (k and =ec-ahncal 0 were both deter-mined

San .1? iode.l 3585A Specc-t= .ayzerl in accorda ca i± -- t

:a t andards :a ;iezoeilec:r.c ='-stals. T he room temperature

va.ue of the dielecric conscant -as again determined. The above

-easurments were :hetn repeaced a':er "he samples had been allowed

age for 24 hours.

L"-.TS AIM ' ISCU'SSION

?rellminary :esul:s clearl showed :hac :he :ie coinrcial ?Zs

chosen !or this iwesctgaton were indeed "soft" ?Z-s as evidenced

by z ei relatively high die.ec:ric cons:ancs (>1000), reported in

Table I, and elec:ri.cal .resistivi±es (7.-S. 1) sim±.ar in magni:ude

.a- .. Dialect-ic and .iezoelect-ic properties of "sof:" ?Z's
ooled with conventional (A) and field coolin methods (3)

(aged 24 hrs).

piezo- panar

dielectric elec:ic coupling zechan-

cons:tan d coer. ,.cal

material ,noed A 3 A 3 A 3 A 3

-do-Pescern 080 .620 1600 500 513 69.7 74.7 58 54

?ZT-501A 1300 :940 ZI00 500 330 71.- 71.8 60 54

*Ber2l.ncour- 'Model 1333 Meter, ZThannel ?.-duc:s, nc., 6-
?ark C :c e )rive, .hagri:n 7&:.s, :H -020.

-wwI2 e.. ?aciard 'Mode! '585A Soectr. AaizItr, Hewlet: ?ackard
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co that reported for

ocher donor doped '0, . I - 3O0.

PZTS. The Curie * • o-Wegi.rn
r

transition of both *oO Ultraselics PZT-5WIA

?ZTs was found to be

,330*C.

The diel~ectric-

constant, .iezoelec:ric

d3 3 , planar coupling

coefficient (k ) and

mechanical ( values l* a-

determined on samples s

poled using the con- "

ventional method are

also presented in

Table 1. Again these '0i I0.0010060M 0.002c
values are representa- (/,r.-Moqrrae (K1

tive of "soft" ?ZTs. FIGURE 1. Electrical res.stivi:- as a
The results of function of :emoerature forTheresltsofsoftr" M.~S.

the field cooling method

are presented in Figures 2 and 3, where it is clearly shown that

efficient poling was possible using dc fields of less than 3 .-V'c=

with further enhancement being obse--ed at higher fields. DC fields

greater than 3 k4/cm were found to lead co dielectric breakdown.

1: is interesting cc note chat for both ?ZTs a n.inun in k and d

versus poling field vas obsar:ed, "vich :he dielectric constant

dropping off more rapidl-. The uac: nature of this maxmum is noc

understood, but may be actributed. to the removal of l:0* domain

walls whose motion w'ould :ontrlbute to the dielec:rtc aonscant b:-

not to d 3 3 . ?ossible microcracking due :o e.xcess-.ve!,, large strains

induct.L upon cooling through -could also lead :o degradation In k

ind d 3. No max:imum in the -planar coupling "k.) -.as observed.

For a 3ent ra' conaiscn ";.o -ha: or c.ve.-:. :oLin,
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600

2400-

220

:±e, of p01± field

40

120I

ZG~ . T:he Plectric ao~1n vioefi±ent and mecan l as a 
fuon :of ofaling field.

note tian 20 smples ~ 411,0e a tasonic PZT-501 (?Z-5a12'k

zvezGM . eu: - e4g planar-or a in co abicen an ecaial a

As camraed to ".he conventionally poied samles, the f'".eld
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cooling method resul:ed in a subscancial increase in the dielectric

constant in the case of ?ZT-501A, while no appreciable change was

observed for the Edo-Wescern samples. 3oth ?ZTs were found to have

slightly enhanced d33 coefficients with similar decreases in

mechanical P.
In general, the piezoelectric coupling coefficient is directly

related to the piezoelectric coefficient and inversely related to

the square root of the dielectric constant, thus a significant

increase in k was observted for :he Edo-Western samples while onlyp
a slight increase was observed for the ?ZT-301 samples. This may

also explain why no maximum in k (Fig. 3) was observed.p

CONCLITS ON

In this work, it was shown chat due to their inherent high

eleccrical resistivi:y, donor doped or "soft" ?ZT could be more

efficiencly poled using the field coolIn% method.

It was also found that the electric fields required for poling

were reduced by a factor of five, as compared to fields used in con-

ventional poling, thus allowing the poling process to be done -in

air. The reduced fields should also enable the poling of large

shapes with reasonable voltages. Further invescigation of the use

of the field cooling method to pole "soft" ?Zs and their resulting

properties is still in progress.
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Reaction Sequence in the Formation of Lead Zirconate-Lead
Titanate Solid Solution: Role of Raw Materials

Maneas Remtch Laboratory, The Pennsylvania State Utuversiry. Umversity Pur . Pensylvasua 16802

The rucdon sequence in the formea o( Pb(Zr..Th ), ra and procani faton which affect final properies. It in.
tPZT 60/40) w= invesiated as a function a( PbO and ZrO cluds a concemd effort to M these effects from raw matertats
raw murmil vatin. usin powder X-ray diffrActio. Par. toug die Lmaporta processing steps. suca as calcmanon. sitar-
deni mp w"e placd o the lnail uts 4( ra o e in ing. and iu accompanying mictosuuctual development to the
the tonnule. of PY sold solution. B d oan the present final properm .
wait. a maen damted reactiom sequence is being proposed The present wort descrbes die effect ofvaraaoas in raw mam-

fer Pb4Zr"T )O, and similar compmdom. Thi reaction rnis 0n da teSon sequence in te formenoo of f'T solid solu-
e s believed to account for many o( the appare t dis- ton. A detailed analysis of s mmi stages o the reaction was

which bay* appeared in the teraturv. dom in dke preset snudy by -aicinng at diffemnt tmperanies
ad durnions.

. Intro ion T solid stai reacnon sequence in am system PbO-Z.O-rlO.
hs been vesam zd by a aumber of worers. - Thre is no

MW is a ontnuing tnterest n lead zrcona-lead oanae agrome among the results of various worke regarding macon
T Z7 ca pead byt mixed-oxide ,-nmque. par. sequence and the formaton of various intermediate products.

y with r to redcingthe variani of the iiect = Them have bumsme apparently conad r idings. pazcu-
elecuvamhacal propertes due to variaton in processing and raw tarty with respect to the presence or absen of intermediate prod-
matertils. The work described (tere is part of a !arge program ucts Like PbirO, (PZ and a PbO solid soltion (P(s)).
addressing ton problem by 2ampang to iden fy those raw mate. Thee is generai agremmut dta the frst sap of the ma.d-.ozzde

meacnon rmute for compoitions near tie mot Wscm boundary"
is the reaction of PbO with TIO., to form PbtIl (Fr). However.

,AM4 W :6. ift a.. :W, ,od F most of the previous wore, "' ' did amo obser'e PbZ:1 a an
=. . :93. .. termedie product in the reaction. En contrs Ohno et al.'

uS-S3.(. reported formaton of both PbrLO, and PbZrt9. -th subsequent
• An=aa CmAc OMO. mcnon to form a ?ZT solid solution. Yamagucha er ai. *reorted
•. . the farmaion or PbZrO only under certain prepaiation conditons.
Pu 3 h Lai Cnt. FO _s _91, Venkaaramm and Biggers'mported &nat use of subnmm ome-

PU IN OW. Scum AM= sed ZrOt also resulted in ftZ$D., formation.
The reaction sequenace proposed by Mania and Sasakr s:

Table 1. Propetia o ZrO1 Raw MateriaLs Sup 1: PT--PT
, Pl Szep 2. PT-P'-Z- T- fZ.T,-,)

pow PW" reel A. w SMP 3: ?T (PZ.T,.-.PZT

A" 1J 99..5 2.4Z Ltec where P reer to PO. T .o 71t, Z co 7.01, PT to Ph T1O,. and
8.9 1.7 99.5 1.37 Yes [PTT.) to ZrO-nch M. Arding to t workers. te L'st

let-malled a 1.7 Lnie racton product o form is PbT O,. A portion of PbT1O, macn
co 3. 1 99.6 3.36 Yes with he rm4 ing PbO n O form T solid solution as an

.9v~~~ ~ ~ SE cno r =. Kas~ ChBm Co.C. internmeiat reaction product. En Mhe fmina sm. the .ntarmegiaze
'.ON. :10 Z-., HlM* CM CO. "-,X 1929..m AM Met --,MAM, LMC,. ?= sofid solution reacts with the rManig fTOs to :orm a
'CUMM= ON. single-phase ?= solid solution of desued ^omnosioon.

Spm' reportied the presence of an intermediate PbO solid soiu-
non). wiUch was a cea- gonai solid solution of PbC with a stail
amount of TIO, and a aace of ZrO.. The presence of PbO solid

Table Ea. Properties of PbO Raw Materials solution was confirmed y Hanxe),' wno obtamned more uam-
,rtaive data eor me comomoson of :he solid solution.

' sr "" The reaction sequence liven by Soen Ind 4anKev ind
0' 3.6' Biggr . is:
Ev .Step 1: P-T-PT

let-mlled E 1.6 £tev Z: P--T-Z-Pss)
.59v MM'14 : qume, mai vlua, 'x .933. 4ammam aa pcdu . :fl, Step 3: PT - F$ss)-"P

43113. N. t.1x *14. Kalmmam L.jA Pyxu:. The final stag of :be -enwon. paricuiaiv ne zomoosition of

M solid soitioion. was not aiscussmi Oy .hese worket. Mowter.
at is rit clear how PtO iolid solution as in ntermeciate :roacuc
influences in final .7rooertzes if .7Z7 .eranmc.

Table EM. Raw MateriaL for PZT 60/4 Batches, Ctandnrwea e Ua. ,=z.ntiv -ttiy.l tteesung Mou on : ie

~o Z.. Qu auction mecnazusm in the formation of ?Z77 soiid solution. h*
liscussed fte diffusion of various lonic octes :a :orrn :-e OUc

A solutions. out aid nor evort :me mowder (-ra zffrac::on X.R'
E A3 ret-miled S .atterns "or :he .(n-, staes )r -eaction .n )orer :o 3otamn ;uan-
O :MLtaive Saa.

- D let-milled 3 Knigon' onfi med the ,ornaauon or ?,O Soiia ,otutioni incer
6 D C soe al xerimenta, zonaitions. -nha uso ;oserec :.e orma:on

o. o as *u M ".0-4. 4h--0- ,. a DRess. tic.. fo ,mm P'i2O,-,cn ano ?b:O,-rc.i = soiio ,outons ;s rcer

jcnf* P 'tcgnu. mediates. -ncn nomotelize0 :or3" 277 ona oiunons :r :e



deired composition. This observauon is useful in explaining A)
differing views regarding tie coexistence of tetragonal and horn- (A)
bohedrid phases at and near the morplo9opic boundary."" -.

In the present work. XRD patterns of calcined samples were m, m ,,
more carfuly analyzed in order to identify inte ediate reaction . u mu
products. pacularly intermediate PZT solid solutions. The work __ , _.... .
was repeated using raw materials from different sources in order to ' "
nderstand their importance in the reaction sequence in the for-

mation of PZT solid solutions.

. perimena Procedur ee

In the premt study. TiO from a single sourcet was used. The
earlier work: had indicated that. since "iO2 reacts at relatively low
tempawres to form PbTzOs. it is unlikely hat it would affect later (9)
stages of reaction. To determine if the other two oxides, namely me
PbO and ZrOi. would influence the reaction sequence, various
batch compositions were prepared using PbO and ZrOi powders ,
from several sources. W

The properties of ZzO1 powders from differnt sources used in
this study am listed in Table 1. The particle stzes and size disaibu, L w
tions were obtained by an automated SEM technique; only mean "
particle sizes are quoted. The extent of agglomeracion was esti-
mated by observing SEM' images of the powders. Table I shows 0

that. in the case of powder B. the jet-oilling procedure reduced
the extent of agglomeration, but did not affect the mean particle
sue. The ZrO2 C is a plasma-produced powder. highly agglomer-
ated. with a relatvely large particle size and a high hafua content. (C)

The mean particle sizes of PbO raw mateials are listed in
Table 11. The manufacturer quotes a purity of at least 99.9% for
these products. em

A PZT composition with Zr/Ti 60/40, which is just away from me
the morphotopic boundary, was chosen for the present study. The
mbed compeoo were corrected for impurdes, loss on ignt-tion. and HfG content. The PbO powder D and Zrl. powder A

were chosen as t 'standard reactan " along with die TiC2 . Five
other sets of raw materials were batched, varying Z 2 and PbO m. -

sources as shown in Table [M. Four hundred grans of each compo-
siton were weighed and mixed for 8 h in polyethylene containers
using ZO% Vgrinding media. Each batch was dried at 120"C for (0)
24 h. remixed. and divided into 20 parts. The samples were reacted
at different temperatures and durations by heating the samples to-
the desired temperatre at ,400C*/min and air-quenching after the - -
required duranon. The chosen conditions of temperatum and du-
ration were 60"r, 700. 750. 800 , and 90(0C and 20. 40. i00, and J .
180 min at each temperature. a _

After calcination. all 120 samples were analyzed qualitatively by
powder X-ray diffraction using an X-ray diffractometer. == Various
crystalline phases were identified by comparing the XRD patterns m,
with standard powder diffraction patterns. The composition of the
PZT solid solutions was determined by the following method. "

From the reported unit cell dimensions.' d,, values were calcu- (E)
lated for all PZT solid solutions. The composition of different solid
solutons was determined by comparing the observed dk values
with the calculated values. win d,

m. Resilts and Dicussion ,

The X-ray powder diffraction analyses showed that PbTiO, was
the only reaction product formed for all samples calcined at 600"C. ,
Thms is in agreement with the observation of earlier workers. 1-13.17

The results of XPD analyses for the standard reactants calcined
at different temperatures and durations are shown in Table IV (F) ,
Tyvpical XRD parternts are shown in Fig. I. It is important to note-
the reaction intermediates PZT(Z) and PZT(T). which are zT
solid solutions with a high and a low Zr/Ti ratio. respectively.

'Gtok 3328-17. 120-4. 9flnaka. CatK & D=Wls. Wi.. Sautl Plainricd. *41
'MoM1 ISM-5OA Scanning eltron uMcrocope. ISOan Electron Optic Co.. Fig. 1. X-ray diffraction patterns of standard reactants zaicined atT o re r . J S . 1. ) ' 0 o 0 m n

'4oii S-ML .. al X2_5. MicrolKe. Fluid tEnrly Procussing mid Equioient iA) "30*C for 80 min. Bi 50* for 100 min. C" 0 for .iO m,
Ca.. RI'fid. PA. iD) 750' for 20 mn. E) '00* for !80 ram. and F -W for :0 ,tn.

"=T"nw F. C a radMiOsn. A 0 154188 3m. Pict ur atlonai. K~isnuje. Ratos indicate PZT with given Zr,Ti ratio. e.z. 60 ,0: P-PbO. T,,TiO:,
FNW NA501- o GCams". Z-ZrO1, PT-PbTiO.
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T IV. Products of Isothermal At higher calcination temperatures. the main rhombohedral
cakadd of Standard Reactms peaks coresponding to PZT 60/40 sharpen with calcinaton tnit

,n= (-m, and the tragonal peaks become less intense after longer calci-
.. n a tio too is aon. However. the peaks corresponding to the tetragonai phase

could still be observed after 180 mi of calcination at 900C.700 PT PT PT PZ(M) It is clear that, for the system described above. the reaction
P P PZT(z) PT
z z p P sequence to form the final PZ" 60/40 solid soltion is via PM"

PZnTz z z intermediates of different compositions. near PZ and PT in com-
position, namely PZT(Z and PZT(T), respectively. Thus. after the

750 PT PZ'" PZT PM' calcination step the final PZT solid solution does not have a com-
(40/60) (-50/50) (-60/40) position which can be described by a Gaussian distibuton of

P Pz'rTm PZT Zr/Tr rao.(.70/30) _
_-70/30) The following reaction sequence accounts for the species ident-P P (-50/50) fled by XRD:

Z Z 5 Step 1: P+T--PT
SOM P-Mt. Z-ZO,. T-riLo.. frr-t-o,. n-tj P~()P Step 2:PZLn T.PTZ 8/S
PL PZrm-Pr r mur. - r r-eO/,M-Prr nt, Z./n mo ot -Wo/40 or P(js)sZ--PZT(Z)(85/15)
-mrm. Piaim an lod Le wm o ding uymuy of difftain W-s. Step 3: PT+ P--Z--MPZT(T) (40/60)

Step 4: PZTM (40/60)- Pzr(z)(85/l5-.
PZT (60/40)+ace PZT (/50)

Table V. Effects of PO Raw Matmi Stp 5: Homogenization
' Note that steps 2 and 3 are competitive with normal calcina-

caumm I tion conditions. ensuring dat step 2 does not go to completion.WW.MM D E l-iloUd E The competition between these reactions should clearly have a
700C/180 mm PZT(Z) PZT(Z) PT major influence in determining the compositional dismbuton

(85P11 (80/20) (i.e. the range of Zr/T ranos) to be found in the PZT solid sou-
r P P non after calcination.

P P PZT( ) The reaction sequence presented here recognizes binodal disto-
z Z t z 0buton of PZT solid solutions and agees ih reported work by

Kingon.' 2 butdiffers from other earlier studies. It appears that two
7 C/40 min PZT P"TM PZT(Z "types of PZT solid solutions form as intermediate products. one

(40/60) rich in PZ and the other rich in PT. As the reaction progresses with
PZ) PT PT calcination temperzmre and time. the two solid solutions approaca
P PZT PZr each other in composition, giving a PZT solid solution
Z P (40/6 of the dird omposition afe complte homogiaton as -

z scribed earlier.
40 m an I a ~ o d o gem.How generally applicable is the reaction sequence proposed

above? As described earlier. PZT (60/40) compositions were pre-
pared using PbO and ZrO2 from several sources (Table ) in order
to study the effect of variations in raw materials on the reaction

Table VT. Effeas of ZrOt Raw Material sequence. The XRD analyses of the remaining sets of reactants
Paw S a show tha the above scheme is followed for al set. excapt for that

Pwft A PO-dU a - iiJetil.v PawdW C containing ZrO2 powder C. However, small differences are aopar-
PZT(Z FIT PZT(Z) PT ent in the reaction rates, some specific examples being shown in
PT P PT P Tables V and VL.
P PZT(Z) P Z Table V shows the effect of PbO from different sources on the
Z Z Z P m) formation of PZ-nch intermediate PZT(Z). for the reaction canted

4a1 Pmaau an lsd n otdo of domung nmmsty of diffmacaPawpis. out at 700C for 180 mn and 750*C for .0 mii. The mean com-
susi-PO is9df tama for cabcsu a, aOO'C for :80 am. position (i.e. Zr/Ti ratio) of this intermediate varies slignly. de-

pending on the PbO source. In general, the ractuons conform to
steps 2 and 3 above, although reaction rates differ.

PZT(Z) indicates a composition near that of PbZrO,(PZ) and The effect of variations in the ZrO. powder source on the reac-
PZTrm indicates a composition near that of PbTiO.,(PT. tion sequence is shown in Table VI. The rates of reaction in the

In samples calcined at 700C, the XRD analyses indicated an in- formation of a PZTMZ intermediate are again seen to depend on the
termediate PZT(Z solid solution of composition PbTio =Zxo .IO ,. powder characteristics of ZrOl. More importanty. only the use of
Here formation of PZ was not observed (Fig. 1). After 180 mn of ZrO. powder C does not result in formation or: a PZ'T7( :nter-
calcination at 7 00C. this reaction had consumed a substantial mediate at 700*C. The other three ZrO.. powders zave a ?ZTiZ',
amount of ZrO2. However. a small amount of unreacted PbO and phase. according to step 2. At -50'C. PT1O, reacts directly wicn
ZrO could still be observed even after calcination for 180 rmn. PbO and ZrO1 to form a PZT solid solunon with a very broad range

The intermediate products identified in the 70C isothermal of Zr/i ratios.
reaction ae also shown in Table IV. A P"Z ) intermediate phase It is surpnsing that the raw material variations for :he -irst
is once again observed 120 and 40 min). with the XRD peaks fye sets) resulted oniv in differences in reacton ace: :here were ,no
somewhat broader than in previous cases, indicating a wider range significant differences in the composition i i. e. Zr, Ti ratios i or" PZT
of Zr/Ti ratios. Also observed is a PZT(T intermediate phase with intermediates. For example, one would expect that .f sten Z goes
a mean Zr/ Ti ratio of approximately -0/60. After 40 min of calci- to completion. step 3 would not occur. and one wouid need !o acd
nation at 7506C. most of the onginal reactants were consumed. The te following iteI to the sequence:
XRD patterns -orresponding to 100 and SO rrun of calcination SteP 4A. PT-F'ZT(Z.--P2
Fig. l) indicate homogenization of PZT intermediates. After The more general form of step -L is therefore :he -eacrion )f
180 man at 7506C. the desired 60/40 1 rhombonedral) compo.ciuon ObT1O,-rich PZT or PbTiO;i with PbZrO,-ncn PZT or PbL:O,
*s predominant. However. some peaks corresoonding to a tetrag- :o "orm PM7. This :s believed to be :ue situation vnen suo-
onal Phase are also observed. These can be assined to a PZT rmicrometer-sized ZrO ;s used as a precursor, as 4es.-,bec -v
composition with a ZrTi ratio of 50/ 50. Venkataramani and Biggers. ' In this case. tep occurs at an



exqemetv low temperature to form ?bZzr~O, -5OOC). and the -urred. The resutng M'Z solid soiution has a distrbution of L./Ti
ration goes to completion. The comolere reaction is therefore via rAtios determined by the previous steps.
steps 1. 2. 4A. and 5 only. and smp 3 is not compenauve. (5 The solid solution lsomogenizes. resulting un a narrower

It is clear frons te present =is. and froms earlier experience. ;ompostuonal disubunon.
that me cafperm at which step 1. occurs depends on eXper- N4ormaly. ald five of the above steps an observed. as shown for
mnsal conditiont. peracularty the physicai properties of ZZO 2 rive comiounanions of raw materials from different sources. Step (2)

powder. including particle smz. agliomeranos. iorpalogy. and is found to be particularly sensitive to dw powder properties. &Wd
powder oecking. The results for the case of ZrO, powder C can. =a v'ary in temperature If it occurs at a low temiperturle. the
inerefore. also be mustd as a special case of t above reaction reaction can consume ail available ZO1 ,. resulting :0 te eltn-
sequence. In this case the proiperties of ZtO1 powder. probably its union of step (3). Conversely, in Me case of ceraini Zr0i raw
ar paie sine and agglomeration. mnake step 2 uncompeacv4. mnaterials. step (2) is not observed. indicatng that it may we shifted

and me m racnon occurs by steps 1. 3. and 5 only. Consequently, the to such high temperatures as co make it noncompetitve. Reaction
PZT inteme diate produced in imp 3 is =a I'Z-deficient. but ruas a then occurs via stmps (1). (3). (4). and (5). whscn corresponds to
ide range of Zr/Ti ratios varying from FT to PZT 60/40 as the Uh reacton sequence of Mazsuo and Sasaki/

diffusion reacton proceeds. This is exactly moe sequence posuilated The PbO (solid solution) reported 'by other workers"2wa
Jy Mantio and Saac. observed, but does rAx appear to significantly affect die reaction

Theme was sonie concern as very little PbO ( solid solutioe) phase sequence in the formation of a final MZ solid solution of me
mas oocrvted by X.D for the materials and conditions used in the desired composition.
oresen saidy. A further expement was therefore undertakens. The schierm presented above is believed to account for mnany of
k similar XRD analysis was carried out Using two sets of raw me discrepancies which have appeared an the Utcmnire in ex-
materials. These mere the standard reactants described wave Planting the reaction sequence in t formatio of a PZT solid solAu-
L. powder A and PbO powder D). and the raw mratetis, re- tion. particularly with regard to the formation of the intermediate

.enty used "y mke."' The preparation conditions were also product, PbZ:0,1. A :cear understanding of the reaction sequence
autered to correspond exActly to those of Hankey. mnost notable -ill help us explain the effects of variations of raw matertis and
Deing the lengthening of the reatiam to 24 hi. The results of calcinanon conditions on the ferroeeicc prpri=o h Z
this study can be summaarized as foflowc cermics. This is. as one would cexmt the compositionial homoge-

i) PbO (solid solution) formed in both cases. a Vexter amiount neity and particularly the gamn-boundary, stricture to be affected
on; observed in fth case of raw inateris used by Mankey.' Th7is oy die exac reactions Mui occur in the contex of the scheme

-mdicates that the formnation of ?bO (solid solution) is sensitive to discussed in ts Pape.
me. starting raw maaerials and mixing procedure. This is consistent
aith the results of Venkawamn.7 who showed that formation of Adwn0iedqgseaiu The moa ii aMoi cadirm .n' Iamm Re.
me PbO soid solution is also dependent on te pecking density of rn
toe powders during iralcmanon.. OMABMry(rderWr

Sii) The resenc of the PbO (solid solution) phase does
,at avocar to aff=r th rton sequence given mbove. The tem-
mtres at which imeps 2. 3. and 4 occur ame decreased by
s.C compeed to that of standard reactants. The samei swas

also occur over a narrower temperature range. iaking the analysis
=M difficult.

ron mec preeding discussion. it is clew tt the reaction se- e wa
cuence in the formation of PT solid solutions denends stongly on S. MW. M. Wiac K. Odel. Y. ima. ad MW1111:2a. -saw of Fwa. uaa
le raw mUateils ussed. power characteristics. =nXing Mcrhdx Ai of Pb(Tf. ZrAO Solid Lmcio wim Hig an aramilm X-Rav 0iaf*raonarv

and other exuernmental conitions. Disormmce in the fron 3111Ofon M~ Ans*ria. Va. -.-&. Rep. AMMMMgw MV. III. Co..
Ossares 10 113-.4(1966).

sequece observed ,)y several authors ca be attrbuted to van- -Y- Anno anal H. Sammie. -Feiaem of Lmd Miail-u -Dainsur Saud
itions an =mei conditions. However, there is no doubt Soiam. Am. C~v. Sol.. A1 161139-91 19651.

'N H. Huam -Saud Seen Racoea Prna;ns Lm. Sixorumn a liuaz.incur me formation of a PbTiO, phase at the beginnin; -nd iater- Zicm Solid Sakiram ft . Thlu. Unaveny of fhand,. ree.am
.mediate MT! solid solutions of varying (Zr/T) ratio. The present
srudy cicariv shows zhat the meacnion sequence can differ slignuy, ArWaaii. a 1and Analia. of L m .. *age Occw 7=maiCu-. mntI.Z

depending on the sutrnag raw materials. Ar ~Uraversar.Ne.4 arinwurci.. .10. :969.
. LHMU an 1.V Biggum. -Soted-.Snat kraf A 2W Sysunn -j0-

r1-r0. 1. AM. CMaw. 1Wc.. fA (121 C. i72-C. i7; 1981).
MV Saminary and Conchtins 1 A.L. AaWa. -Cabaaamaa Rm -a 14scliaandu Kim=z in Land Zavne

k mPw" Corricut ft. . Thmau. Thea Ptniayivua 3m ..,myeurv.
Umwugwy Pus. :90.

the reacton sequence in the formation of ?PT (60140) com- s.. (t X.. . 11201 amd L.A. PUL -Xitoor MAasarn iir*
?osicon was studied in detail by takaing =. patterns of powders Fo m., o( P? Solid Siluanm.7 m. ct~rr. Sol. At :- 4=Z 191)
:alcied at different tempneratures and times. The following reac- IT. Oae. 'A. 7akialaw. UMd ' 1. ucou. 'Zoruuau P miaa -ocMs :.

P'sTh.ZrO, CnmaCamnug;S..joe. Soc. PoIIw'41 Afrod.. ;0s(51-~
wea sequence is proposed. 17)

.1) read o act to form PbTiO,. "r YuniU4UOS. S. H. Cioa. M4. Maxomn. and H. (.urn. -ffec of Raw 4.l
and TiOA ials uin w nadao on roe Solid Scm.qPccom Involved in ranncauoa or

2) 12W or PO (solid sotion) meacts with ZrO.! to forma theauM)I CAUMaa. -ClIFOnmrlu 1Au.. 22 . 6-40 (1976).
'Jb~rOor a Pbr~i-nc intermdiate moduct.as. Vaam And J V 3igm. "q~acviry of Z=lma in Colcrrr; Of Land
?~~~~ZrOkm-Ln orori a CZ1 -cninernowaz oodc: Prealnd 17Mm Axia OxWa. - Am. .47Gm.

3) The FibTiO, reacts with the remaining Z.'01 aind with Soc. awl.. 59 4) .a62-At 1980).
some PbO) to form, a ?=T-solid soilution interrnedate rich in ?T. '5. la. W, i. Cam. aMW H. ;affe. ?4eagwteaor Caivncs. Acaerin 3ruM.
This reaction comoeme witn step . 2) ioove for usec source of Ne4w Yom. :971: a. :36.

1 ki. 1. ingon. -Snima in tit=nnaslewttno fSive:Fro
ZiV1- This PT Latermetliale !s Lsuady ?bfl.O,-ncit ad Iias tie- ric 4aliarC FP. 0. -hest. '.tPc5rv of Sonsw mma. Pretofl. 91
zuencly teen found to have 2 oroad i nge of Z.-,, -5,.'tos. :-entred J, Lsawov -ammnn on ae P3= K-Rav iSoav of mre F=~ Solud Soiullrrs
=ro 40/60. 'P An~ur auM L 3enp.~ 'X-RAY Sixav or :no -T. Solid Satuom Nat .rc

.41 The intermediate 7roducts from either iteo (1 or sten 3) 14OtnlaOgtcP'iu Trainron. - Souid Swar Commuat. 15. .OT-3 (1974
wove ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~X reactWO wih1eoouto tn ) Iti ann,-~ . lam. 7anan H. YanragMas. igd S. ShIrrruaa. 3
100V reat A~h MeMMOCZ :j Sti) Lus =Mor I'mar- ineUMoMe Fluwaaon rind PrOca a o Pb(Zr. 7ihO,. Soizd.Suue Comuv... :..

'6- 2 I .
Is. 11iffel. A. S. Ral, And S. W1arll. -0aerues Af'zeeac~snc f

Ia Solid Solution Sam Laad thranase-i.Aw 7Lrcnaue-i.40 Oxide 7f )%ion 3W
A41111 MUrnm*L&aa HIetnte ill. '14s1. JAW 314a1d. 55 11 j'14-54 95)

-4t~ -71 ZiO.. N4annaw The arracaj :a Ceyerand. ON: ot 163,47 10. S. Ienktraarl.jj 'c~icrnrnt 3nd Ilu Lfecia onr Sinteinlt aMW Prooeies or LAnd
3.ew Theris Co.. ?iruurualoia. '41: pusd ;3-ZO-4 7.. MAiiimwi. ..ttonm 7anage Ccirrmiczs *1.: "hesn. The Aensvi'ysnia SEMa ,rr'eriuv
it DaM. :nc. ..nwMrMrv PUz. :981.
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Rq mmetd from ft. Jouw l of (mI Aft Ccr.m; 1;, tv, Vi.i. o. 'to 0. i .fcr ,4k I

C~lcc'Mel forme two am stable,. and~ thetrnsiio

Products of Reaction Between PbO and Nb2O 5  Theforer two arse -150"C. th
otohorhombic form is metastable. When Ite

in M olten N or iNaCI. high-temperature stable phase ktetragonal)

Tosmo Kimu.. M ASA'&JCA MACrIDA, AND TAY.SA- YtAGuc:-" is cooled, it does not change to the low
temperature stable phase irhombohedral)

Fw-ty of Science &Wt Technmology, Keio Uiventy, 3-14-1 liyosk, gobot.ku. -because of the sluggish transition. but
Voemm 223, Jan rather changes to the orthoriombic phase

RoDERT E. NEWNHAM" at 570*C. The results of Arendt and
Rosolowski can be understood by as-

Magaals Reserch Laboratory, Pertasylvam Stat Universiy. Uraversity Park. sung that the molten salt stabilizes the
Peimeylvuna 16802 high-temperacure or metastable phase.

This comrmunication demonstrates the
Lead oxide and niobium oxide were heated in molten KCI or NaCI to examine the parcipation of the chlondes i the reac-
participation of chlorides in the reaction between the oxides. Alkali ions partially tion between PbO and NbOs and proposes

replace Pb ions in PbNbOq. and CI ions form PbClZ,. The substitution of alkali iots possible mechanisms of the phase scabili-
for Pb stabilizes the terragonalform of PbNbIO. The reactiviy of NaCl with NbO zation. Although Arendt and Rosolowski
was much greater than that of KCI. the extended substitution resulted in the used NaCl-KCI rmxed salts, a single salt

formation of an NaVbO, phase with incorporated Pb. was used in thas experiment. Equimolar
mixtures of PbO and Nb.O, were mixed
with an equal weight of NaC or KCI in an

MoLTEN salt synthesis is an important ent oxides in the presence of molten salt. agate mortar and cestie for I h. The ,rx-
- preparation method of ceramic pow- The molten salt has been considered to act rures were heated in a turnace keot at a
dem and has been used to prepare ferrtes as a pure solvent, and the alt content in constant temperature between "560 antd
and ferroelectrics.' This method yields the thoroughly washed products is quite 1050"C. The salt was removed from :he
oxides by the reaction between consutu- small in some cases. -' Recently. Arendt oxides by washing with hoc deionized water

and Rosolowsk." demonstrated that :he or- ieveral imes: specimens were wasned
CowmwN m* Ea rvt r-P. K. G. AGi4 thorhombic form of PbNbjO4 is obtained in more than Z0 times for chemical X-ray

molten NaCI-KCI mixtures at :emeratures fluorescence analysis AFA) Because the
Reeived Si 30. 1"3: ap ved july i2. 93 far below its transition zemperature. Lead sodium content could not be measured

Offte ud CO=et 'o DAAG ' i9-0-C-00i memmobate has three modifications: rhom- XFA. atomic absorption analiysis was

SMmhe. iMi miead Ceraicne - -oem bohedral. tecragonal. and orthorhomb c.1 used. The phases were tdentified' b,. X-ray
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diffactiot kXO ustin CiX~a radiation. PbNO.. Even at 50*C. weil eiow the trajonai-rthlornombicrzso
Fig= snows wcyp" XR.D ortorles of the mitarign point of KC. thtere was complete ?eriaure t eznoeiectric C~ne tmperature,.'
Moducts. aid Table I summarizes the ex- reaction to foryn PbNb1O4. In a sample The ;act thit mfe ortllorombic formn at
puentai condinotons and product phases. * ired under the iamne conditions Wut in Me roomn ternperatuire was ootauted y finng

The product pam oocauan oetween absenlce of KC, fiowever. Zse reaction was even at '50*C indicates that me te~aonta
75W ad L05*C in KC was ortlionomoic tricomnpiete. IJnd tile resulting ?bNb.O. for s1 swadized by the incorporatio of K

posse was rmomoonieduil. Taae :I snows o the Pbk~h-!04 arcc. The reort evi-
XFA reultas. In ail cases the C. content was lence Mat the Cine temoierature dIecreaSC3
len than me analytical dirrut <O. 1 MV103. wii nc?!eming (-ioi oNnCt eumiunaims

Aandl the differencie 6erween :00% and me :h ?OSblr of th 01diao of me
sum of the weight percenit ot eun i on was ::rthornomnotc ;orn ay K 0on.' The :ewag.
assiged to oxygen. A potassiun ion can anali form ns 4 empty sites in :ne ?,:

substitute "'Or the ?b ion in the form position. but thle rhoomboedrai form ma
(Pb,_,.K2,)N1 4.' and caiculated .t values ao such vacant sites.' The x value near 0.2

cmtat KC psrecwpates in thle reaction and :050*C -orres'oons miti 31 al cant
between PbO anti Nb !O and :nat K iotns sites oein; occuoieti oy K ons. 3v re-
subsutute for Pb in ?b. 4 ace. T"he placing one Pb ion witin two K ons. :he
fact that Pb is were dieee.ed lay addling prdce aue agrees with, ie -rort
KICjC. aqueous solution to the Furst super- sauurniry imuc .r n25fTe S=Icixza-
rtatant washing water suoorts ile proosed tnoni of thme cetritgnal form iv :ne ncoroo-
Subscinaton of K for Pb. The suostitutioa is =non of a K :on is prooaotv explaineda .

Incorporation of potassium ions In mhe '!' tie Droluct iwas riomoonedr-ii
_____________________ Led re~aioo~e sictaresabiize ie ~ ?t~b 104. At 350* amt 950*C. tinixttares or

'eanom trcueaizshe ot.swo ) rtiorilomoic 2bNb.OA, and a onase witri
:6 W low" fro h honndalt eTtao :uotc stuure were ootamneti The nten-

9 d~r..ifrm themomohedal o tie t~agoal irv or t:me aiffracnion ines )t tie -utaoc
Fig. 1. X-ray tIn action Oaeri of tMUC on is - i 150rC. andi the ptezoetecoc or- Wt:fCeifltrnoerarure

of sagnieaie 'or i Itin iAl KC. Ji 410C. :hiorflormc f'orm can oeootained ant. :rm ion5creat wan ic a ng.eroa
B8) NafC Ut 950rc. and i C, Nacl Xt 050C wriest tile etragonal form coots to :he .~wsotae.Teoirco atr

of the :.aoic formn cotnicdeti with 7seuwo-
Labte 1. Preparation Conditions and Product Pbases -ubic .NaNbOi.' Diffractoni tines :DO),

Tem -1 'm() Sai .ctmm 210). and 2Z' 28-16.0*. 51.? and
150 I KCI Ortho~o tsetvisit siigntiv. nai-

350 1 Cl Ortho cang that tis osse was smgntd aistorted.
950 1 CI Orstho Again Pb onis wvere aeteea n .ne:rs

1050 1 (C1 Ortiso supernatant wasning water. 7anle 11M snows
1050 5 KCI Orrilo the Na. Pb. and Nb contents and :orrio-

150 1NaCl Rhonibo sition. Time formnuia !-YiNaNbO, -
350 1 NaC-1 Cubic -ortia i~b4bi!) was aiaooted :o :omoare Aimn
950 1 NaCl Cabic-orilo :h dat of Francorrite and iLewis." 3ecause

1050 1 Nacl Cubicth cu vn eenig:eNao-
1050 5 NaC- KCI thOcurcrtheenorn te a:n

tent was ess tan that .n =e mtrnina :ne
*OI~~c~ofnmog ?'~b.O. ~~~~i~fO~ldfli?~rb~d. ZOICPb :ontent, tile v vaitie mas calcu a

based an te -not at -ato of 2b/i Nb. The
,vatues in thre sanies ioaineti terween

Table 21. Results of K-Ray Fluorescence Anialysis tor 350' and i050*C .ncticaie tmar ute samoits
Samples Heated For I H4our in KCIa in :0 e nvo-onase egioni Nat~bO, aria

PbNb-!O). tven for use sine-onase ipec:-
C~m~in i~ttinet With tile oseudocuoiC stucture 3O_

( ~, '~b 'nP~ .,b.~ ainedi at 050C It ,s ticssibie :Iiiat i
.!! "A. 38.6 X.!1 NaNbO, onase -mgon :eics nio :ne

350 3.4 35." A.1 3.:o0 NaNbO,-?bNb.O, syswerr These -esuits
M5 3 7 35 1 0.3 0 .21 ndicatEc ilat NaC: aso maii:coaces ni tie

050 3 3 34 3 :40.5 1 -eaction aria :nat Na arts ni
stamilize tne -etraizonai structure -'.,ner-
-nore. use Ntrent or tie !xcianste if n

Table ill. Results of X-Pal Fluorescence and Atomic alkali ion for -rie Pb .s etater ti ne -cise ot
Absoronon .snaivses for Saies Heated for . Hour in NaC' NaC. ian :n KC. The reaction cci oe sum-

:intet i lilnartzed is Oflows.

350 06 _' :. 53 Pb a,.52C -PC
:050 5. _ '4 31 -6. . n
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tPb,-.Nau)N2O% -2(l -a-b)NaC! mined which of the phases was forned). REFERENCEs
=2(Na_.,Pb6)NbO1-(t-a-b)PbC: 3) This result inlicates that NaC is more R.H AMad. I H. Romolowi, and I WSz'~'umiaa. '.a Ziavoa "ri,,,aa Ceiama'o

reactive with Nb2O, than KCI. 5ol -l san m -Usit t SInUiiozdm mi.m atM
Pure Na~lbO, is orhorhombic at room Granahan et al. " prepared gram- Rn Bk,. 14 (51 '03-409 419791

:T Takaanias. M MOtgutau. T Kinmura. Anwtemperature and the Cuie temperature is oriented PbNb1o.04 ceracs from powdcr T YallUgl. "Formation .ehanism of Ferte
60T. Since the substiuon of Pb for Na reacted in NaCI-KC,-rnixed sail at 10508C Poft.-, in FP-.s.- Vwpo,, e' e X4U. 1M6. 'o
decrases the Curie temperature.' the pseu- for 5 ft. In the present experiments, an .9-4uJY LMoM. T. Kiimera, &W T. Yziansg-m. "S nef-
docubic NaNbO, phase obtained in this oarorbombic phase of PbNb2O, was ob- L Of Pla-L. li.rTO.3 Poasn.'" t Cm..
experiment is caused by the incorporation tamed under the same conditions. as shown Sc Bad. 62 t[61 7o4-o7 . 1983
of the Pb ton. in Table 1. Orthorhombic PbNb2O,. oh- S R, = AouO,,am IWL WWSa o ,,"

Because standard free-energy changes tamed at I050C in KC and washed with S .4Z.S8. Noeemao is. iao
for the following reactions water, was mixed with NaCI and heated at 'R S. RthS. -Phas EqwOibnum Raisnos in

th Saafi SYm LW ORude-Noouun Penoaad.
PbO-..ZKCIuKO.PbCz 4) 1050*C for I h. The resultant powder I Res. d. .o SaWi.. Q (11 V-138 1959)

contained the pseudocubic NaNbO, phase. '. C Subbew 0. Suut,. -Sonssoao-
andMYand Fayostec oeme maa ( P'rNb.O -Tvand These experiments indicate that the c00hpoW.-I Om,. P,,s.. 32 61 846-51 , 0

PbO - ZN&C - 1Na10 - PbC I 5) presence of KC in the NaCI-KCI rmixtue 'R. sMan. *Scmcnu of Rhonbot"dn L..af
suppresses the reaction between thle ortho. 'letaobha II.- Bui Soc. Chaim. F, 1947 6)

are I ave 37 0 and 266 Ud at :98C for Vttene - 9-44 ownr homoic PbNbi.Os and NaCl. ',wd01fftscaoeFk.Camd. o :9-i ! Joint
the reactons t4) and 5). respectiveiv. d.ite Coianm oan Poibe LOLffF.W, Swanse,wus -.difference in the product pnases is reiated M. PA.'i4. 14 Fimmameg an 8 Lawns "Smac-nu a
to the reactivity of the chlorides with PftAmaaamoiFand 8Leis. -Saa.i ,aw

Nb.,O,. Niobium oxide was mixed with adotottiar Sod m-e-m.Type Castmc.' eic-
NaC! or KCI and heated at 1050"C for I h. 1. 2(4) 3391 1 19n.i

'0KubsecImgski &Wd F. L E-ana.Meadiuruica
No reaction was detected in the case of ThM1100stfumi. 3d ad.. Pean. Lo.n a..93s
KCI. whereas the Na,1NOz, or NaNboO2 'Pdwft Diftmauo Fdit. Cw .o !3-329 am
phases were obtaied in NaCI tsince te ACL,'owLEDGNME a. 1367 joutConiifwon po- do DtSwumamm. PA

XRD patterns of these two niobates are m A -oud I" to acknowitti K UK.amm A.4 Gaiaatti. M. Holma. W% Sciiju. am
almost te same. it coud nofob determin ~~awm3 r X-uM fluomecance am AzaMW an- It E. 'Jwnnam. Gmwanwwu PNb.o, ceamincs.-al i the sum. it .ol.d not1 be deter- t, o lu~ys. .4 CeavM. So.. 64(41 C.-C.64 1911 -
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FABRICATION OF GRAIN ORITrED PbBi 2 Nb209

Sheng-gle Liz*, S.L. Swartz. W.A. Schulze and ;.V. Biggers

3terials Research Laboratory
The Pennsylvania State University

University Park. PA 16802

This paper describes a process for the fabrication of grain oriented

PbBi 2Nb2O 9 ceramics. A molten salt technique was used to synthesize

cr7stallites of PbBi2Nb2O9 with a high degree of shape anisotropy. Tape

casting and subsequent uniaxial hot pressing resulted in ceramics with

grain orientation of greater than 9O1 with densities greater than 96%

theoretical.

Address: Department of Inorganic oaterials Science and Engineering.
South China Institute of Technology, Guangzhou. China.
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PbBi2 b2 O 9 (PSN) is a member of the high Curie temperature bismuth

oxide layer structure compoUnds. It was first syLhesized in 1949 by

Aurivillius 1 , and its fe:oelectric nMature was discovered by Smolenskii.2

ot &I. in 1959. Sabbarao& , in 1961, published a set of dielectric and

pieZoeletc:ic measurements on PBN ceramics. reporting a d33 coefficient of

15 x 10"12 C/N. Iesgazi and Ueda 4 followed up with a set of piezoelectric

measurements in 1974. and reported a coupling factor. It, of 17 . These

see2i-917 low values of d33 and Kt can be explained by the anzsot:opIi

crystal structure of PBN. There exists only two ;olar axes in PBN, as

opposed to tLhe multiple dQomain states of the pe:ovskite feroeZlectrics, so

that in a randomlY oriented polycrYstalline cerazmic-, efficient poling is

difficult to achieve.

If PSN could be fabricated with substantial grain orientation and

sufficient density, efficient poling would become possible. This might

lead to applications as high sensitivity transducer devices for

temperatures in excess of 400*C. To this end. there have been several

attempts at achieving grain orientation in PEN5 '6 and other bismuth oxide

layer structural ferroelectrics These workers employed hot forging

techniques to develop grain orientation. They were quite successful in

achieving good density and substantial grain orientation' however, hot

forging should inevitabl7 result in deleterious orientation gradients.

This paper describes the preparation of grain oriented PEN ceramics

by a modification of the molten salt syuthesis-tape casting technique,

which has been used successfully in the past to fabricate Zraia oriented

ceramics of 3i4Ti 3012 , B llO.and ?bNb 0



11. Fabrication of Grain Oriented PbBi2A 209

A. Structure of PbBi2& 2.29

The family of bismuth oxide layer structures can be represented by

the general formula:

(Bi20'2) 2(Men.lRM03
ml ) 2-

whore Se can be any of several mono-. di-, or tri-valent cations

(No+b 2 , etc.), and 2 represents a tetra-, penta-, or hexa-valent cation

(Ti4 . Nb5 , W6 , etc.). The structure can be described as a combination

of a perovskite type layers interleaved with Bi 2 Oj2 layers. The

coefficient a can range from 1 to 5 and is equal to 2 for the compound

PbBi2 2b09.

The structure of PbBi2 Nb 2o 9 is shown in Figure 1. It is often

referred to as 'pseudotetragonal.' but is actually orthorhombic with

lattice parameters a. b, and a equal to 5.492, 5.303. and 2S.531.

respectively s. The spontaneous polarization lies in the a-b plane at

about 450 between the a and b axes. Thus, if grain orientation is to

enhance the piezoelectric properties of PEN, then the orientation must be

such that the a and b directions are aligned perpendicular to the c

direction in the ceramic.

B. 1olten Salt Synthesis

The molten salt synthesis technique consists of reacting oxides in a

suitable salt system at a temperature at which the salts are molten. The

salts act as a transport medium for the diffusion of the oxides. The

advantage of molten salt processing over solid state reaction is that it

produces a homogeneous powder with the particle size and morphology being

easily controlled by the reaction temperature. This process has 'been Used

3



20
in the past to produce homogeneous powders of PZT I 9 , BaFe12 01 9  and

21 and more recently has been adopted at this laboratory for the

fabrication of graia oriented ceramics. rhe usefulness of the molten salt

sTnthesis technique in the fabrication of grain oriented ceramics is due

to the tendency of certain growth directions to be favored during

formation of cvystallites in the molten salt. Molten salt synthesis of

CILe bismuth oxide layer structure compounds results in crystallites with

plate-like morphologies -
, while molten salt synthesis of the tungsten

bronze PbN Z2O6 results in crystallites with aeedle-like :orPhologies1 5 "

These crystallites can then be aligned by tape casting, prior to the

sintering step. The advantage of achieving grain orientation by tape

casting prior to sintaring (or hot pressing) is that the problem of

orientation gradients in Che final ceramic is eliminated.

C. Tap*Csis

Tape casting is a process vhertby a slury7, consisting of a ceramic

powder and organic binder system, is poured on a moving glass plate and

forced under a doctor blade to form a thin flexible sheet (or :ape) 22.

This process is useful for the fabrication of Srain oriented ceramics

because of the tendeucy of the platelets (in the case of the bismuth oxide

layer structured compounds) or needles (in the case of PbNb,0 6 ) to lie

flat during the casting process. This tendenc7 to lie flat during Cape

casting is due to the mechanical or flow forces exerted by the doctor

blade and possibl7 j.avi:acional settling forces.

The orientation developed by tape casting Of platelets (i :he case

of the bismuth oxide Layer structured compounds) is such that :he c-

direction is perpendicular to tlhe plane of the tape. lecalliag that the

polar direction of ?B" lies in the a-t plane, the piejzoelec:ric properties

4



will be enhanced in the direction parallel to the plane of the tape.

Thus. it is required to laminate several layers of tape to develop a

thickness that is large enough so that properties can be measured in the

a-b oriented direction of what will eventually becomes the grain oriented

ceramic. This is achieved by warm pressing several layers of tape

23together . The applied pressure and temperature are large enough to

cause the binder to flow and completely laminate the layers of tape. This

step is believed to further increase the orientation of the crystallites

in the green pressed tape.

D. Binder Burnout and got Press inz

Due to the large volume percent of organics and relatively large

density of the pressed tapes, extreme care must be exercised during the

binder burnout. If the hesting rate is too fast as the organics

volatilize, the gases do not have enough time to escape the pressed tape.

and bloating occurs. This problem is alleviated by the use of ultra-slow

heating rates in the range of temperature where the binder volatilization

is greatest.

It was found that in the fabrication of grain oriented Bi 4 Ti 3 0 1 -1

ceramics by the nolten salt synthesis-tape casting method, conventional

sintering was sufficient to achieve substantial grain orientation with

acceptable density (92-94% theoretical)1 4 . However, in the case of ?DN,

the molten salt-tape casting method, followed by conventional sintering,

resulted in ceramics with large grain orientations, but disappointingly

low densities (80-85% theoretical)24 . For this reason, it was decided to

employ mild hot pressing conditions to help in the densification of grain

oriented PEN ceramics.

-- , .. . .. . . . . . " = I Il l .. . . .. . . I [ . . . .. I 1 . . . . .." . . . -



E. Charicterizltiou of Graia Oriented Cer aics

Two important pazameters to consider are -the density and the degree

of grain alignment. Density can be measured by geometry or by the

Axchimedes method. The degree of graim orientation can be monitored by

scanning eleatzon microscopy and z--rzy diffraction.

Locgeri g developed a quan:i:ative measure of the degree of grain

orientation from X-ray diffraction data, by defining an orientation factor

f.

f N (P-PQ)/(-P O)

where P - I(No )/I(h.ED .I(0qQ) is the sum of intensities of the (OO

reflections. Zl(hk2) is the sum of intensities of all (hLk) reflections.

and P, is the value of P for random orientation. Locgeriga's orientation

factor f is equal to zero for random orientation and one for couplet.

orientation. Thns, the ase of Lotieriza's orientation factor allows one

to normalize the degree of orientation to 100%.

III. E~e Eimennal ?-ocedure

2oagent grade ozides were batched according to the PSN stoichiometr,

with a 3 2,oli.6 excess of PbO added to account for volatilization during

firing. Te salt system selected was equi-molar NaCl-MC1. and the sal:s

were weighed out with the ozides so tIat the weight ratio of oxides to

salts was unity. he mixture was ball milled in alcohol for 12 hours in a

malgena jar with zizzonia media, followed by drying overmighc at 100 0C.

The munreacted powder 'was loaded into lumina crmcibles and heated to

350 0 C for 3 hours to insure that all organics were removed. Lids we.r

;laced on the crucibles and the ;owder was heated at a ra:e of 100 0 C,"hour

to the molten salt synthesis reaction tenpeaOra'rtes which r2nged Ir-om 300

6N



to 11500 C. After a Z ,our soak time, the furnace was turned off and

allowed to cool.

Salt removal was a tedious but very important step. The sintered

oxide-salt mass was placed in a beaker with distilled water. Boiling was

sufficient to break up the chunks, and a magnetic stirrer was added to

facilitate the salts going into solution. After 1-2 hours of boiling and

stirring, the beaker was removed from the hot plate and the material

allowed to settle, followed by decanting. The Material was subjected to

at least 20 such washings and then allowed to dry.

Molten salt PEN powder synthesized at 1050 0 C was selected for tape

casting and subsequent production of grain oriented PEN ceramics. Prior

to tape casting, a slurry consisting of 6704 by weight of PBN powder and

33% of a commercial organic binder system 2 6 was prepared. After ball

milling for 24 hours, tapes were cast on to a moving glass plate with the

doctor blade set at a height of 0.4 mm. After drying, the single layer

tapes were cut into disc shapes of 1.43 cam diameter. Between 30 and 50

layers were stacked in a steel die and laminated by warm pressing for 15

minutes at 600 C and 700 5iPa. Binder burnout was accomplished by heating

the pressed discs from room temperature to 600 0 C in 3 days. A heating

rate of -3 0 C/hour was utilized in the range of 200-3000 C where binder

volatilization is greatest.

The hot pressing was conducted in a simple resistance heated lever-

arm press with an air ambient. The samples were isolated from the alumina

rams by Pt foil. The three Main hot pressing parameter variables included

Che hoc pressing temperature (1055-1095 0 C), pressure (13.6-21.4 MPa), and

time (0.3-2.5 hours). A typical hot pressing cemperatzre-7ressure-ti~e

profile is liven in Figure Z. Densities of the hot pressed PSr ceramics

were measured by Che Archimedes method. Locgering orientation factors

7



were calculated from i-ray diffraction patterns. The degree of

o:ientaion was determined by averaging tbe O:ientatiOn factors calculated

from both the top and bottom faces (Iround with 600 grit) of the hot

pressed PSN pellets. SE3 micrographs were taken on fract-red su:faces

per;pendicular to the hot pressing direction.

IV. lesults and Discussion

TLhe molten salt synthesized powders were subjected to chemical. x 7

diffraction. and scanning electron microscopy analyses. Qhemical analysis

revealed the presence of less than 0.05 wt': of I however, 0.50 wt% of

14a was detected. nbether the sodium is going into the P13N Structure or

whether this sisply indicates incomplete washing is not known at this

time. -ra7y diffraction confirmed that single phase Pbi.12 A20 9 was formed

for all 2olte salt synthesis reaction temperatures (80O-1.1-50 0 C).

Presented in Figures 3a. b. and a are typical SEX micrographs of PEN

powder synthesized at 800. 1050, and 1.USO 0 C, respectively. The nor"hology

of the crystallite was plate-like over the entire range of molten salt

reaction temperatures, with aspect ratios of 10-20. TheL expected result

of an increase of crystallite si e with increasing reaction teMperatnZre

was observed. The increase of platelet size with LicreZasing t8eMera're

was aore Pronounced from 1050 to 11S00 C than the gradual increase of

platelet size observed between 800 to 1050 0C.

The microstructures of ?N cerazics, mae by the molten salt-tape

casting method and densified by conventional sintering (10600C, . :2ours)

and hoc pressing (1075*', 17..5 3Pa. 2 hours). may be compared in Fi."ure 4.

An increase of density (6.7 to 8.0 &/cc) and orientation (58 to 90"') was

observed with hoc pressing. This demonstrates :,he L=portamce oi :12* hot

pressing $tep. The Same hot pressing zocditions -wer! appiiad cc a ;rfssec,



tape made of calcined (equi-azed) PSN powder. This resulted in a PSN

ceramic with a density of 7.9 g/cc and orientation of only 45%,

demonstrating the importance of the molten salt-tape casting processing.

The dependence of the density and orientation of PBN ceramics on the

hot pressing temperatuxe, pressure, and time are demonstrated in Figures

Sa. b. and a. respectively. The trends are similar for the three

parameters. Both the density and orientation increase to some saturation

level as the hot pressing temperature, pressure, and time are increased

within the range of hot pressing conditions employed.

V. SammU

The results of this investigation are summarized below:

1. Hiolten salt synthesis was used to produce tiny plate-like

arystallite of PbBi2Nb2 q with reaction temperatures ranging

from 800 to 11500C.

2. Tape casting of molten salt PBN powder and subsequent war=m

pressing resulted in a substantial grain orientation in the green

body.

3. Vuiazial hot pressing of the green pressed tapes resulted in PEN

ceramics with densities of greater than 96% theoretical and grain

orientation of over 905j.

4. The specific hot pressing conditions employed (temperature.

pressure, time) were found to have a significant effect on the

density and orientation of grain oriented PEN ceramics.

9
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LZST OF FITRMES

Figure 1. bBsi 2 AI2 0 9 structure in pseudotetragonal fo='.

Figure 2. Time dependence of temperature and pressure during a ho:-

pressing cycle.

Figure 3. Typical SE ic:ro :aphs f :ol:en salt synthesizing PbBi2.'b2 O 9

powders reacted a: a) 8000 C, b) 1050 0 C, and a) 1lo0c.

Figure 4. Typical fracture aicrographs looking parallel to the tape cast

layers for ceramic that vas a) convouciou&117 sincered at

1060oC for 2 hours, and b) hot pressed a: 17.5 a at 1075*C

for two hours.

Figure S. Dependence of orientation factor and deusi:7 on a) ho: pressing

temperaturO, b) hot presing pressure, and c) duration a:

pressure.
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THE C.FCTS OF VARIOUS 3-SITE IODIFICATIONS ON MhE DIELECTnIC
AND ELECTROSTRICTIVE PROPElTIES OF LEAlD !1AGNESIUII NIOBATE
CERAMICS

D.J. VOSS, S.L. SWARTZ MID T.R. SHROUT
Haterials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract Sintering characteristics, dielectric properties,
and electrostric:ive Q12 coefficients are reported for four-
teen dopant cations incorporated in the perovskite A(D',B")03
structure of lead magnesium niobace [Pb(Mgl/ 3Nbi/ 3)O31. Two
trends in the dielectric properties were found: the maximum
permittivity appears to be directly proportional to the transi-
tion temperature, and secondly, che percent change in capaci-
tance at 20 kV/cm is proportionally larger for the higher
permittivity samples.

Two methods to estimate the frequency dependence of the
diffuseness of the phase transition showed good correlation
with each other, but revealed no general trend with ionic iize
or valence of the modifier cations. Eleccrostrictive QI
coefficients were found to generally decrease with increasing
dIffuseness of the phase transitions.

INTRODUCTION

Perovskite lead magnesium niobace [Pb(M 1 l!3Nbi/ 3)03 , hereafter
abbreviated PM J is a well-known relaxor ferroelectric exhibiting
the characteriscic frequency dispersion of the dielectric maximum,
i.e., the maximum permittivity increases and shifts to lower tempera-
tures as the frequency is decreased. This relaxation charActer has
been attributed to a statistical inhomogeneity in the distribution
of the Xg+ 2 and Nb 5 cations in the P structure6 creating micro-
regions of varying transition temperatures (Tc).

A wide variety of properties have been measured in polycryscal-
line samples of P?4 and numerous homocypes 2 revealing chat the P
family are promising candidates fur both dielectric and electro-
scrictive strain appiicacions 3 ,4. Cryscallographic studies of the
Ptin family have shown that ordering in :he 3 sites of the perovskl:e
A(3',3")03 structure depends on tne relative differences in :he
sizes and valences of the 3' and 3" cations3. However, the magni-
tudes of other physical properties, par:icularly :he lielectric
properties, have not been satisfactorily :orrelatea to :he onic
size, valence, or other properties of the various :atons.

For this reason, :he purpose of this stud, was :o introauce
iarious cations into cne 3 site of the ?! struczure in nopes of
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possibly correlacing resultanc dielectric properties with :harac-
teriscic proper:±es of :he :acons. Upon analysis, chase resu:3s

should be helpful in selec:ing ?.LN-based macerials having opcimum
properties for various dielectric and electroscric:ive applications.

The properties examined included the sincering characterisctcs,

the frequency-relaced diffuseness, temperacure and --field depend-

ence of the permittivity, resiscvity, and eleccroscrictive behavlor.

WEPRnMrrAL ?R0C=URrE

A very successful method to. fabricate polycryisalline samnles
of perovskice ?il wi.h minimal oyrochiore phase has been reporta.O.
The first step is to prereacc the refraccory oxides 1g0 and NbiO5
to form columbice Mt&Nb.06; :his product is :hen reacted witn ?bO
to form perovk..ce ?b3CgNb 2 0q (Ml). This fabricacon scheme was
empioyed for the following --Z-valent cations used in this study:
M(i. M.g (pure 7M), Ca, Co, Zn. 'n and CJ. The columbice 'precursors
were prepared by ball milling reagent-grade oxides or carbonaces
with optical grade .biO5 in ethanol for 12-24 hr, drying the
slurries, and reacting the powders in open AIZ03 crucibles ac 300 *

1000'C for 2-8.3 h. :-ray diffraction confirmed cneoroducts"were
single phase.

The followtng ca cons vere also invescigaced and are ;rnupet
according to valence: (-I)- Li; (+3) AU, Cr, -e, Sc, and L'; (-")

Ga, f, Ti, 6o, W, Te, Sn. 11f, Zr and Ca; ("-5) V and Ta; and (-3)
W. Of Chese, orecursors were prepared for :he following five:
as t.i~4bO3 , Cr1 as CrNb04, Fe*<3 as Fetb04, Ti4' as ?bTi03 and :a- 5

as HgTa2O6.
Following precursor formation, appropriate amounts of the

oxides and/or precursors for the modifier cacions were nixed and
reacted with .bQ in a similar procedure as described above. The
subscicucion of all 3-si9;es was 3.3 mol [chis corresoonds :o 30
nolz ?N 4 10 aol. Ib(, 3 Nb- 3 )03_ for :hie seven cacions wi.:h -
valency. All non--Z cacons were incroduced on 10 not% of all 3
sites. Other dopanc levels Cried were Cd*2 at 3 moll and Zri"  it.
10 moll. The amount of substitution was limited to Low levels :t
minimize distortion of che perovsk.ice structure yec Produce betec-
cable changes in :he macroscopic properties.

The calcinacions were performed once at 300C for 4 h, exceoc
for A1+3, C:r' 3 and 1o 4 which were reacted ac 0*C for -i. X- rav
analysis of the products showed Chac -v+ 3 and -nylded .ess
than 50% perovskite phase by intensity racios.

?ellecs, 1.39 cm in diamecer and 3-4 m :hiick, were Dressed
from the ocher rwency-four calcined products to which 3 wc2 of a
polyvinyl alcohol binder was added. A ?bO atmosoere was incainea
during sincering :o minimize ?bO 'oss. iurf.ces -ere ;round oarn'.-
La. with L2 'um A170 3 powder and geomecrical ierisl:tes -were .. c-
laced. Densities Less than 9O. of "hecec..ca_ ;ere .,balznec .:r
all sincered .o 4 -dooed nele-s. A 1oLtstied surface h
sincered pellecs was x-ravea For ihase nal.'s-,s.
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Dielectric MeasuremetLcs

The faces of those pellets with densities ireacer than 90% of
theorecical were electroded, first wich sputtered Au and then with
air-dry AS. The weak-field dielectric measurements were made from
100 to -75*C with a cooling race of 3*/min. The measurement system
has been described elsewhere4.

For ferroeleccrics with a diffused phase transition, the law
I/ =(T-To)2 has been snown to noid over a wide temoeracure range
instead of the normal Curie-Weiss 'aw. Uchino ec a!. have shown
chat when the local Curie cemperature distribution Is Caussian, the
diffuseness and/or broaaness of the phase :ransicion can be measured
by the diffuseness parameter S7. The temperature difference between
the Tc's measured at 0.1 and 100 KHz is a second estimation of the
frequency dependence of the diffuseness.

The broadness of the dielectric maximum can also be realized
from the temperature dependence of the dielectric permittivity.
For this, the magnitudes of the decreases in the permittivity 60*C
above and 15*C below the Kllz Tc were normalized with the maximum
value found at Tc. This particular temperature range was chosen
because it corresponds to the range of 10C to 35C being normalized
with room temperature, commonly used for capacitor materials.

The dielectric permittivity as a function of E-field was deter-
mined on samples being maintained at their respective 10 KHz Tc .
This temperature was arbicrarily chosen for comparison basis only.
The permittivity was recorded with increasing and decreasing field;
the maximum field being 20 KV/cm.

The electrical resistivity (0) was measured by applying 100
volts across selected samples being maintained at MOO@C. Current
values were recorded 10 min. after application of the voltage.

Electroscriccive Measurements

The electrostrictive Q12 coefficients were indirectly measured

from induced piezoelectric resonance of the ceramic disks by the
application of dc fields of various strengths. The selected samples
were maintained in air at approximately 50*C above their respective
10 KHz Tc's, being far removed from possible nonlinear effects
commonly found near Tc. Details of this mechod are described by
Nomura et al.8 .

RESULTS AND DISCUSSION

Relatively broad, crequency-dependent permittivity-temperacure
zurves were obtained for all modifier cacions. However, not all
cations were successfully incorporated into the ?tN scruc:ure. This
was evident from an insignificant change in T. as compared :o oure
PM, and the presence : ocher phases, primarily pyrochlore, in the
,c-ray analyses. These samples :ypicaily had low dieiecrc maximum
(<5000) which can be attributed to the low-permiczivi'i second
phase(s). :nterestingiy, however, these -ompositions had o.w ;;s-
sipation factors, reiatcvei7 hin resistivites, and ow :emoeraCore
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coefficients of dielectric : nscancs whi.ch d4o5 not preclud~re : !Oir
use for possible dielectric aoplicaco4n.

The dielect:ic behavior, resiscivi:7, and ocher prooerties ;or

clie samoles in wh.ich :he modi.tier :acons ere successfully iacor-

poraced into :he scructure are presenced in Table 1. Most comoosi-

clons were found to densifi (>90% theoretical) ac sincertng Campera-
tures an low as L0504C with the compositions concainjang Cd' Z, Sn ""4 ,
W0 and 10% Zn being denslfied ac < 950C.

.asjcivicles ac 100C were r'eiative17 high with :he excepcions
of F. 3-, co" Z , and ft-"Z-doped specimens. he low 'alue for :nese
particular ions may be due co elec:ronic zonduccion made Poss~ble
by 2ulciple valence states.

"'he dielec :ic prooer ies, par:icular!7 K<, were found :o oe a
!unction of siicertng condicions, par:cularly for :he zod f.er
Ti O

" in which K greatly increased with increasing sincer-.rg tempera-
ture. On* possible explanation for such findings is a grain s:.-e
dependency as :eIorted by Swar:z ec al. 9 . :n :he comoosic,.ons
having C402 , Zn '" and Co"' 2 , Tc was ;,und :o decrease w.:. increasing
sincering temperacure. This suggescs that less of z:ie :ac~on is
being incorporated into -he ?MN structure, fur:her evidencea 'v an
increasing amounc of pyrochlore phnase ac the high sincering :emoera-
cures.

A wide range of c's are found in Table . with -:ie 7, For ,
being che Lowest near -35% and he T1 for T. - being the in.ghesc
near -50C. Likewise, chere 4s a correspondingly wide range o

maximum permi:civi.les. ?±;ure . shows good :or- lacton -ec'ween ".-
and che largesc of :he K.iax values listed for eacn ion in T!abie
There also appears to be a zorresponding increase in :he :emoeracu:a

coefficients of the perm:iivity wich increasing dielec:ric laximum.

A strong correlacin .e

_ _ _ _nax wich the percencace
,, h a n g e In e n i.- : : , ; a a

field screng:n of :0 KV':m ;s
., shown In Figure .- :s shows

.114h di, lculcy/ in Eiding a
ISM. : single phase macer .Li exhl'zi:-

,,, .~ *"' "' "ing a ii;n K alonz 'i:h good
I Sm 4 ~ . ~ field scabilit7.

" " :" The nail znaracze.-
m '," of a relaxor ferroei - ;s

t.he temaeracur breadh of e4dielec:ric 7iaxirnum ac ti4f-er-
**0 .40 .0 3 Mn 90 so eric 4reuenc~es. Sced .

.able 1 are :he differences r.
temoeracure a: ::e 3- an -
-'00 ,KHz TC i .:r ::"Q /::u

F i g u r e 1 . O i e l e c : 4 c c o n e c a n c a c- a o n . : % v l r ! e s e
T. (I KHz daca n or

:ne fre uencv ;eot~nence -':ourzeen zomoos it :unS

in Table :.. !.Q 1 'fuseness s cie .: .se-
aess :oe " . e.en: " .'i,- ..i



E533]/ 207

THlE EFECTS OF VARIOUS 3-S1T MIODIFICATIONS ON ThE ILCTc.

Table 1. Properties of Ooped ?V.

1..to..q . 3 351 ol. tl3 0.11

Ilea1.4.y It 3 43

IM .1 .43 5 .4s 5

IN -ii 14 14.3 .4 I, I

Ilse *2 I o.Ma 4 .43 "to:0 3

4443' 1.14 .46 .4s S3

140 It4 .16 44 Wool,33

13In 34 11.not 9I4 "Wi IS

It 21 ]I 1..M .44 IS Isa

'lw 13 1 is.=4 .14 .41 to 21414

.. IU I 1 . in3 .21 r3
Ilse a 4.4= *2 .23 11
IM1 .11 11 LM4 -4 .)S W0 "Ill,

"a z4 !G 6 40 .11 .31 to 641411

'Mn .1 is i.:OW .1 .10 ? 0.1141,1
134 - I4 4s ?.=W .3 .34 Uo 'I' so
iz31 .13 aI 4.3W .13 -3 JS IS "Wl

-4 " 9 21 '. No .12 .2* 1?s US34
too 104 21 23.230 .12 .11 14 2.141"

1130 1 12 14.33 3e 13 313 ?a Ill

ins 2 '4 Z.=W 312 .4y 33 043443 44

rl" IO 104 ?3 ?. 7= -4 .7 41
low 33 'a 11.50 .44 -.4 a4

130 1 3.W M - .43 36 Nloll 41

340 .3 2 47'a. .33 '

,M1 IS4 2 .MW .13 .30 is34

.0 IS@I 21 3 .70 Is .4 3 1.10:0

.21 3 '4 It.23 .4 .41 St4

. I t3 So 34 is 'O.34 .111 .4% Q
low1 .17 if 42 im .19 .4y It ;.fall '

"a 0 230 is ;IJ -3113 13 0.102
41 32 14 3.0 am .3 .23 4
11 .34 31 .34 ON3 .14 313
1:111 34 Z .30 wq 43 Is 3

a! so lisced Ln Table 1. These :wo parameters show good corre2.aton
with eacno other in that a wide Tc ir large 3 indicate a wide
Caussian discribuc lon 3f T,.' s and clhus lower :amperact.re zoef:
cients of the nermrc.vi.,.

The v:alues ir :or che ourcaen saols -used in ~iue-nave
seen ploc:ed in Figure 3as a func:'ion of Cthe ioniz a~- :li
,modifier cations. --hen Z~rouoed 3ccra;.ng -o . ommnon valences. :nir
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U appears :o oe on!7 a slzighc

1 increase In :hie zagni1:'4de
Ut. of i wi:h increasing ionic:

radius.
ILTMe single 4aca poincs

for che cacions "Ih -5 and

.*- valency are Lasufficienc
IL11. - show any crands. RowevIer.

'L5W " pan consideracion of ionic:
si.ze a.lone, no general :renc
was observed.

Q12 zoef!ici.enrs are a1 o

Figure 2. Oecrease in dielectri 'n Ia
Q1 value of -0-0030 Mi C,

constant ac an E-Field :o pue. .,gnr2
of 20 KV/cm. Samp Las eiaer:e :er-
,dare saincained at1 :Ieric. :he smnall.er :ne )i'.
IMu Tc's during measure-
Meac. ERNC

1. V.A. 3okov and .Z
'Iyl'nikova, Soy. ?hvs.

Wl Solid Scace . 13-i2)

.Landol: 3ornsca1.n. .7rr-

, 1TTTeleczr~cs -and :le..a:ec
OL of ,* Subscances, Ne Series.

I: w- 3. 3.A. !alkov and 'f.3
' V7enevse /.j:fliJrj.

4 ~ 2.. L. . Cross, S.54 ag

%d"i U . Newninam, S. Nomura
and K. Uchino, :er~o-

Figure 3. Diffuseness zoefficiene electrics Z3, -87-19q
5as a funcr-ion of ionic (.8)

radius for 1.4 zotnoosi- 3. F. Calasso and
cions in Table L.. :nor-4. Chem. .

(.1963).
6. S.L. Swartz, 7..R. Shrouc, Xiac. Res. 3u.11.. 7 4-5

7. . tUchino, S. Nomura, L. . Cross, 54T. .'ang and R. E. Newrinam,

J3. AooL. ?hvs. 51(2, U-,~2-1145 (1980).
8. S. Nomura, K(. Tonooka, j. Kuwaca, Cr ~ oss -flU R-. . Newttran.

?roc. Second Meecing Ferroelecc:tc 4aceriala anda 7hi
Aoilaios(?t2) , Kco .aoan, .33-138 1971).

9. S. Swarcz, 6. Shrouc, W. Schulze and L.E. .:s. so.:a
publicacoi).

1.0. 0. Muller and R~. Roy, The e r nrar': S,,;:-a Fai'.ts

Soringer-Verlag, 'few 'Yorlk '~



APPEHIX 32



FERROELECTRIC PROPERTIES OF TUNGSTEN BRONZE LEAD BARIUM NIOBATE (PBN) SINGLE
CRYSTALS

SHROUT and L.E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

D.A. HUKIN
Clarendon Laboratory, Oxford University, Oxford, England OXI 3PU

Abstract-A ferroelectric tungsten bronze single crystal of Pbo.33BaO. 7ONb2O6 was
grown from a melt using the Czochralski technique. The crystal belongs to the
tetragonal point group 4ram with the spontaneous polarization pirallel to the 'T'
axis. The room taeperature lattice parameters were a a 12.50 A and c a 3.995 A.
The spontaneous polarization was found to be 0.40 C/m2C. The Curie transition
was 3500C as determined from the temperature dependence of the dielectric con-
stants. The pyroelectric properties were found to be typical of other tetra-
gonal ferroelectric bronzes. Dielectric constant Ell and piezoelectric constant
d15 show a strong enhancement from the approach of the tetragonal :orthorhombic
morphotropic phase boundary and it is clear that crystals with composition in
the tetragonal phase field closer to this boundary will be of major interest for
piezoelectric and electro-optic applications.

INTRODUCTION
Single crystal ferroelectric tungsten bronzes, in general, are known for their

excellent electro-optic(l,2 ), pyroelectric(-3 , dnd piezoelectric( 4) properties, mak-
ing them promising candidates for use in various device applications; e.g. laser
modulators, pyroelectric infrared detectors, S.A.W. devices, etc. This plus the fact
that there are over 100 individual end member bronze compositions, with numerous
possible solid solutions(4), makes the tungsten bronze family one of the most exten-
sive, versatile and potentially useful families of oxygen octahedra based ferro-
electrics.

Typically, the bronze ferroelectrics which are of most practical interest are
ones of complex composition and/or solid solutions, which are inherently difficult
to grow in single crystal form.

The present paper reports single crystal growth in the Pbl.x8axdNb206 solid solu-
tion bronze system. Of particular interest are compos'Jipos near x = 0.4 which is
very close to the reported morphotropic phase boundary , ). For polycrystalli 3 e
ceramics, it has been demonstrated, as in the PbTIO3-PbZrO3 perovskite system(

7 ,
that compositions near orphotropy have very strong piezoelectric properties(8 ).
Measurements of physical and ferroelectric related properties are presented wnich
contain this expected enhancement in the single crystal material.

[ ,
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EXPERIMENTAL ANO OISCUSSION OF RESULTS

Crystal Growth

The materials used were Specpure grade PbO, SaC 3 , and Nb2O5 . These were weighed
out according to the stoichiometry Pblx8axafb206 (x -0.40) and then -et ball milled
fn ethanol for 12 hrs. The resulting slurr-/ was air dried and then fired in an
alumina crucible at. 5SO'C for 24 hs. This procedure was adopted to ensure that th.e
lead was in a fully oxidized state before being loaded Into the platitnum pulling
crucible. The crucible was 40mm in both diameter and height and was supported in a
fibrous alumina insulating Jacket and covered with a similar radiation shield. The
furnace used was R.F. induction heated at 370 kliz.

Crystals were grown by the Czochralski technique being pulled at a rate of 2
mm/hr with a rotation of 10 rm. The grown crystal was annealed in situ by program-
ming the temperature down over 12 hrs.

Under these pulling conditions, transparent and very pale yellow crystals were
obtained. The grown boules were typically cracked containing 3 or 4 single crystals
with dimensions up to 10 x S x 8 m.

Chemical analysis revealed that the initially grown crystal contained 16.5 wt'.
PbO, Z4.6 we. BaO and 60.1 wt.w NbzOS, which correspond to Pb0. 338ao.70Nb,.9 8 706
rather than Pb0.5Q8a0z.40Nb06, the starting composition. The significant difference
in compositions was probably attributed to volatilization of PbO during the growth
process. The apparent loss of PbO was also evident from other crystals grown from
the same melt having continuously decreasing Pb:3a ratios.

Physical and ferroelectric properties presented in this work were only determined
for single crystals having the composition Pbo.33aa.70Nbl.98706. Properties of
single crystals containing lower amounts of Pbb were all found t9 e somewhatsimilar,
as reported for polycrystalline ceramics of similar compositionsta).

X-ray powder diffraction analysis showed that the grown crystals had the tungsten
bronze structure and belonged to the tetragonal point group system 4am. The lattice
parameters at room temperature f r the comoositiqn Pb0.33Ba0.7oNbl .98706, designated
PSN, were found to be a - 12.50 A and c - 3.995 A (see Table 1).

Sample Preparation

Crystals belonging to tetragonal point group 4amu, have three piezoelectric, one
pyroelectric and two dielectric independent constants, thus requiring various samples
shapes and orientations.

Bar and plate shape specimens, [1001 and [0Ol2, were cut with an abrasive wire
saw from the single crystal boule following orientation using back laue reflection.
Samples were lapped and polished down to 3 u alumina powder. The samoles were then
carefully cleaned with acetone in preparation for application of sputtered on gold
electrodes.

Prior to most measurements, the crystals were poled by the field cooling method
under a OC field of 1-2 Kv/m along the [001] or 4 fold polar axis. The completeness
of poling was checked using a Berlincourt (Model 333) piezoelectric d3 3 meter,-.

tJohnson atthey Chemicals Limited, Orchard Road, Rayston, Hartforsnire 568 "HE
England.

'3-Serlincourt (Model 333) d33 meter, Channel Products, !nc., 16722 Park Cirtle Orive,
Chagrin Falls, OH 44020.
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TABLE 1

Physical Properties of Pbo 3 38a. 70 " 4b1  0-o" at Room Temperature

Lattice Constants a V 12.5 Ao

c a 3.996 A

Sponuneous Polarization Ps 0.40 C/M

Dielectric Constants CT1  360 tan S < 0.002

cT 140 tan '0.007
S (170)" (0.04)
S340 tan i 0 oos

C 3  96 tan. ,. .02

Pyroiectrlic Coefficient 03  1.7 x 10" C/MC

PiezoeIctic Cofficients di_ 12 x 10" 12 C/N k*l 15%

d33 .60 k33 52,

d, 50 X 10, 12 C/N kis 2Z%

' 10ipoled valiuS.

Spontaneous Polarization

The most commonly used technique for observing ferroelectricity and determining
spontaneous polarization (Ps) is based on the polarization field hysteresis loops
generated using the Sawyer and Tower method( 9).

Typical hysteresis loops taken from repeated switching experiments at low fre-
quencies (0.1 Hz) and at other various frequencies in PBN crystals showed a recession
of the high remanent polarization obtained in the first cycle of the applied field,
suggesting that a major fraction of the total polarization rapidly locks into non-
switching domain configurations (Note: the remanent polarization (PR) is essentially
equivalent to Ps in single crystals). This recession of the hysteresis loop has been
observed in several other tetragonal tungsten bronze; Srn Bao 5Nb 2OE(lO),
Ko.2NaO. zSrO. 5Bao. INbZ6(1 and K0. 2SrO. gNb205 (2). ..

Thus the polarization (Ps) was determined statically, by taking a poled sample,
and thermally depoling by submersion in a hot furnace (>6000C), which is well above
the Curie transition (Tc), while charge is collected using an electrometer. The Ps
determined, for room temperature, was found to be %40 x 10-2 c/m2 (Table 1).

Dielectric Properties

T The emperature dependence of the dielectric constants (relative permittivities)
C33 and e1 (constant and zero stress) and loss (tan 3) were determined from poled
ano unpoled C001 and [100] plates at frequencies 1, 10, 100, and 1000 KHz using a
Hewlett Packardtrr. (HP) 4274A and 4275A frequency LCR Meters under full program con-
trol in an HP 9825 bus controlled system. The temperature range was -750 C to 5000.
with a heating rate of 3*/min.

,-Hewlett Packard, 1-50-1 Yoyogi, Tokyo, Japan 151.
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7 T
The temperature dependence of the dielectric onstants C33 and ell, at 100 KHz,

are shown in Figures I and 2 respectively. Both 33 and €i17 showed marked anomalies
at a transition point (TC) of 350%. The temperature behavior and large anisotropy
of c3 and c1 is typical of most tetragonal ferroelectric bronzes(4), Ltle fre-

quency dependence of the constants was observed.

a.

, 2
1 24 400-

2

a •

-400 0 00 200 300 40 00 0 I00 200 300 400 500

Figure 1. Oielectric constant C33 as Figure 2. Dielectric constant s as

a function of temperature function of temperature for
for PIBN at 100 kHz. P8N at 100 kHz.

Room temperature dielectric and loss values for both poled and unpoled samples
are given in Table 1. The reported difference in the dielectric constant ej, and
loss betweenqjed and unpoled states is probably attributed to multi domain-(1180 °)

Ii Moti gns( ; The room twaperature values of the clamoed. dielectric constants
and c?1 (zero and constant strain) and loss are also reported in 7able 1. These

values were determined at 100 meagHz using a Model 4191A HP Impedance Analyzer.
The Curie Weis constants, the relationship between the rViprocal dielectric

constants -t3 and cT and temperature above Tc, were 2.5 x 10tC and 1.9 x l05C,
respectively. The Curie c nstant obtained are quite characteristic of other oxygen-
octahedra ferroel ectri c (4?.

Pyroe I ectri cit-1

The pyroelectrc coefficient p3 of PSN, as a function of temperature between
0VC , nd lO0C, is shown in Figure 3. 7he room temperature value of p2 (1.7 x 10- 4
c/mZ*C). reported in Table I is similar to that of other bronzes having aporoximately
the same transition temperatures (.).

The pyroelectric coefficient was determined by measuring the C isc.arglng
current of a poled sample at a controlled rate of change of temoerature. The cur-ent
was measured using a P 4140B pA Teter and the Manoerature and data acquisition mas
using an automatic measuring system similar to t.hat ised for .determining t.e
dielectric behavior.
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Piezoelectric Properties

Piezoelectric coefficients d31 ,
d33, dis and equivalent coupling coef-
ficients k3l, k33 , and k15 for PBN are -
reported in Table 1. The piezoelectric X
d33 coefficient was simply determined , -

on a poled COOl] plate using a Berlin- W_
court d33 meter. The piezoelectric
coupling coefficient k31 was deter-
mined on a poled [100) bar using the
resonance-antiresonance technique U -
based on the IRE Standards of Piezo-
electric crystals(13 ). The piezo-
electric coupling coefficient k15
was determined using the relation- JO 25 . . , , ,,ship (1) 0 5 0ship (1 TEMPERATURE (C) "

I 1 1 1 () Figure 3. Pyroelectric coefficient p, as

relating the free (r 1 ) and clamped a function of temperature for
(Sri) dielectric constants(13). PBN.

The coefficients k33 , d3l and
dl5 were simply calculated from other
experimentally determined values through the relationship (2)

d?..
k2. (2)

where eo is the permittivity of free space (8.854 x l 1 2 F/m) and sE the appro-
priate elastic constant. Elastic constant values used were those typical of other
tetragonal tungsten bronzes(4 ).

SUMMARY
Single crystal growth, physical, and ferroelectric related properties of PBN

were investigated. PBN was characterized as a tetragonal tungsten bronze type ferro-
electric with the spontaneous polarization parallel to the tetragonal £001] or,'c'
axis. From the measured results, particularly the temperature dependence of £T1 and
magnitudes of dI5 and k15 it is clear that the approach towards the morphotrooic
composition at Pbo.60Bao.4QNb206 is lowering the transverse Curie temperature and
softening the transverse dielectric stiffness. With further lead addition composi-
tion with exceedingly interesting d15 and electro-optic re1 coefficients should be
possible.

Work to reduce the PbO volatilization problem and further optimize growth in the
Pbl.xaxNb206 solid solution system, especially for compositions closer to morpho-
tropy at the x z 0.4 value are now in progress.
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DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF Pbl.B.axNbzO 6
FERROELECTRIC TUNGST N BRONZE CRYSTALS

T.R. SHROUT. HUANCQU C ME, AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstractr-Tungsten bronze single crystals in the Pbl.zBaz. 'b2O6
system were grown from a melt using the Czochralski
technique. The dielectric, piezoelectric and pyroelectZic
properties were determined. The dielectric constant I& and
piezoelectric coefficient d1 5 showed a strong enhancement
upon approaching the tetraSonal:orthorhombic morphocropic
phase boundary as predicted by thermodynamic phenomenology.
It is clear that crystals with a composition in the
tetzagonal phase field near this boundary will be of major
interest for various piezoelectric device applications.

INTRODUCTION
Single crystal forroelectric tungsten bronzes are promising

candidates for use in various device applications. e.g. acousto-
optic, pyroelectric detectors, S.A.W. devices. etc. Not only do
these materials possess relatively high piezoelectric. electro-
optic and pyroelectric properties, but it has been shown
thermodynamically using the Landau:Ginsbur&:Devonshire J.GD)
phenomenology and confirmed experimentally for the tungsten bronze
Sr 6 1 Ba. 3 9 Nb2 O6 (SBN) and possibly all other tetragonal bronzes,
the existence of temperature compensation ). It was also found
that the LGD phenomenology could be used to give a good
description of the dielectric, piezoelectric and thermal behavior
of SBN.

Another important aspect of SBN is the ease in which large
single crystals can be grown (3 )

, however, even though the piezo
values are high for d3 3, they are very small for dlS and
correspondingly the shear coupling coefficient k15 is low. Tho
low value of this constant may be traced in the phenomenology to
the very low value of the transverse Curie temperature 9i l the
temperacure at which 1/a when extrapolated from high temperature
values is equal to zero. To improve the piezo coupling, d,5 and
kls, it would be desirable to move into a composition field ;= the
bronze structure where the (i can be enuhanced.

It has been reported that a cross over between -- andI 3
is found to occur in the PblBa1 N'b,O 6 solid solution 1am1-7 for
compositions in the vicihity x - 0.4. Near this composi:ion a
morphotropic phase boundary occurs betwNeen a fer.-oeiectric
orthorhombic (=mZ) and a tetrigonal ( 4 mm) structure is showu in
Figure 1. Thus tetragonal Compositions wi:h lar;e -. vales and



/

correspondingly large 11 and dis"
should exist near the _

,orphotropic Phase boundary. ,...,., . ,uesmv
lt Was the PIur:7ose Of this '

inVeStiglaion to grOw single c 7-
stals in the ?OJ.-.ZBB8.Nb-Z0 6 S7sta2
Matz the Morphatropic Phase0
boudar7 to verify the existence -
of tetzagonal compositions with
greatly improved transverse
properties.

Various di.electric,

piezoelectzic and physical 0 'a:44

properties of a wide range of "NOC3 OL t afOO

?b x~a4N206 compositions are
also reported. Figure 1. P ase Diagram of

_b1.13a1 Nb 206

MPfE TAL PROM~URE
Single czystals of various Po Bax Nb 205 were grown Isizg gh

Czocbx.lski technique. Te ccystals grown were t77icall7 small
(<1 am) but sufficient in size to characterize the dielectric
and piezoelectric pro-Perties.

For each Crystal grown, a chemical analysis was ;erfor=ed,
along with the determination of the density using a pycnometer
nethod and the lattice parameters found %sing powder z-:.a7
diffraction. To determine the various dielectric and piezo
properties, plate shaped samples with Major surfaces 2oral :o the
a and * or 1 and 3 axes of the terragonal prototne were rapared
for Crstals with I > 0.4. For Compositions in the orthorhombiC
phase. the samples were out With major faces morzal to c, but for
a and b cuts (1 and 2 axis), with major faces making an angle of
45e to the tetrago al a axis. Sputtered on gold electrodes were
used. The crystals were poled b7 the field cooling method %nder a
DC field of 1-2 kV/cm along the 'c' axis for tetragonal
compositions and the '' axis for orthorhombic compositions.

Further details Of the crystal growth and property
measurement techniquas can be found in reference (5).

"ULS AND DISCUSSION
T'e single crystals g.rown are indicated b7 the ci: les

imposed on the ?"b1 1_3aMb:00 ;.lse diagram shown in -'l:re 1. Te
Tc's were de e*ried ::oz the pea in !a for :e::agona:
compositions lad :he ;ea, in 7- or 7b (equivalen: above T) for
the orthorhombic o-e. Tae composi ioas, as deter=iaed b7
chemic3l anal7sis. are :eorted in -abLe I isted in order of
decreases; 3a conten: and,'o increasing densi"-. :4 i ap.aen:
that zost Of te c-rs:a's gro'n were defici-n: i3 'N ere :o :e
,rO-'Atl-zAt-0u Of ?' O Zu:goysa.Iowh h enc efect
7b,0 deficienc7 on :.i. a:z.-as ;r:.e:tes is .o:z



Table 1. Properties of Pb1l,3&,NbZ0 6 Crystals.
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Also tabulated in Table 1 are the room temperature and pea.k
values of the dielectric constants (K a b' [rK), Curie Weis
temperatures (51) and constant (Cl), the piezo d3 3 and d15 and
pyrO coefficients (p) for the various Compositions. For
completion, reported values for the end member FbNb2 06 were also
included. The values for the orthorhombic composition and the
compositions w(l in the tetragonal field are typical of those for
other bronzes ( .

From Table 1 it can be seen that most of the pXoperties
increase slightly, e.g. K€, d3 3 , with p decreasing as one Moves
across the totragonal phase region toward the morphotropic
boundary. TIe transverse Curie temperature I1, a and d1 5 ,
however, were found to increase markedly.

From the LGD phenomenology, the dielectric stiffness ( iI u

1i/(a-l)) for the prototype 4/mmm tetragonal case with the
spontaneous polarization along the 4-fold axis can be expressed by
the following equation:

T-p
XI+-- + 20 3P2 + 2uL33 P 4 ' 21333P6 (1)
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where a's are dielectric stiffness parameters. Given a room
temperature spontaneous polarization (P 3 ) of 0.40 C/in 2 as

determined for the composition Pb 0 3 3 Ba0 ,Nbl 9 9 06 () a C1 of 2.0
Z 10 5 0C and using the derived a teims found :or SBN ) with Za,6
= 4.2 x 10-3. 2al1 3 3 - 4.22 x 10-2 and Za1 3 3 3 - 4.98 x 10 -2 (MMS
units), the dielectric stiffness and thus Ea -mere determined as a
function of as shown in Figure 4.

The piezo coefficient d15 as a function of -1 is also shown
in Figure 4, having been determined from the expression

d1 5 0 Q44PsSo(Ia-1)

Note: An electrostric:ion Q4t value of 4 1 9- - 4C: was used,
having been calculated from data la T7abl-t . for t-e co=pos.:'-:a

.B a .
3 3.

rol .9 90 .



Is. expected. boh.1I and '
wex* found the~rodyaMicall7 tO
increase azked:7 with i=CeAsing -" / .40
il being inU quite good agreement Z - ALICULAMg -300

with theL .:Pe~iMGntall7 AX-5
determined valueas found for the "'eoo " 2

various tetragonal compositions. -- -

being &13o Shown in Figure 2. O

CONCLUSI ON -

Single crvstals with vari-ou3 -0 -0W c 0
composi ions in the foeroelect:ic :unit rtterarunt e, -
tungsten bronze Pb1 _3aB.ZbZO6
system were grown using the Figure 2. Experimental and
Czochralski technique. Partic- calculated val-4es of I& and
MlaZ attention wa mad@ aea= d-.5 as a function of :1"
z - 0.4 in which a zorphotropic
boudaz separates orthorhombic
and tetzagonal phases. Th'e various dielectric, piezoelectr-ic and
pyTOelectric properties were determined and reported. From :he
measured results. it was found that u:pon approaching the
morphotropic boundaz7 from the tetragonal side, the transverse
CaZie temperature .3 increased resulting in zarkedl7 i proved
transverse dielectric (X and piezoelectric (Cd1 ) properties as
e pected from the LGD phenomenology. It is also interesting to
note the ezcellen: agreement bet-ween the ezperimental and
the=rodyuauically determed valzes even when higher order
dielectric stiffness Parameters found for the bronze SBN were
used. Thus, tetrgonal crystals with compositions Close to
morphotropy will be of iaterest, for various piezoelectric
applications.

It is Uecessax7. hLOWever, to f-ArtherS optize cr7stAl grOwth
to reduce bO volatilization and to produce larger crstals.
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Longitudinal Piezoelectric Strain Measurements of
Poly(vinylidene Fluoride) Films

K. UCHILNO. Department of Physic:1 Electronics. Tokyo Institute oi
Technology, Ookayama,. Meguro-ku. Tokyo 152. Japan, and L. E. CROSS.

MateriaLs Research Laboratory, The Pennsyivania State Uniuersity.
Unwerstcy Park, Pennsyiuania 6802

Synopsis

Th" ioagniainai piezoqectc strain or potv, vnnytidene luonas i, PVF:.o fidnis nasoatn measurea
at room ,,,mperscure using a un-iensic."ry ac capacitance-cyp aiiacomoter. The dc bias ilei
depea dzce of the pizoeisecmic sraun coeficient a3 ns oen aecernmtne1. The potarutanon-reist.a
eilcstzrtscuve coefficiene Q3 ootainea 4 several hunadrea :-nes larger uan "he vaiue in normal

pieoelecurc ouide crystals and is of opposite sign.

n7RODUCTION

Poly(vinylidene fluoride) iPVF.) has been extensively studied since the dis-
covery of its large piezoelectric coefficients in 1969.1 Roiling and stretching films
at elevated temperatures during preparation enhances the crystallization of the
polar phase iform I) with polymer chains oriented preferentially along the tensile
stress axis. After an electric field of sufficient magnitude iabout 108 V m-Li is
applied normal to the film at elevated temperatures, large piezoelectric coeffi-
cients can be measured. Though the transverse piezoelectric effect is rather
easily detected, few studies have been attempted of the longitudinal piezoelectric
strain x3 or stress X3 induced by an applied electric field E- because of the
thinness of films Iusually less than 100 am). The first direct observation of the
piezoelectric coefficient d3 defined by x 3 - d E 1) was made by Burkard and
Pfister using a capacitance-type dilatometer.2  They carried out static mea-
surements at 0.3 K to avoid length fluctuations due to thermal expansion. Ke-
pier and Anderson constructed an ac interferometric dilatometer and obtained
the induced longitudinal strain.3 On the other hand. the piezoelectric stress
coefficient e3 (X 3 = e3 E) was determined by Ohigashi.4

Using a newly developed high-sensitivity ac dilatometer.56 we have measured
precisely the longitudinal piezoelectric coefficients of PVF., films at room tem-
perature. Moreover, we have observed the dc bias electric field dependence of
the piezoelectric coefficient d13 i.e.. the electrostrictive effect).

EXPERIMENTAL

Samples (30 x 30 mm), were cut from 193-,,m-thick unoriented and 69-.,m-.hick
oriented Kynar 7200 sheets 'Pennwalt Chemicals Co.) and from 15-,m-chici
oriented sheets obtained from Kureha Chemicai Industries. after :he samnies

Journal of Penivmer Science: Polvmer Phvsic- Edicion. Vi.L "'.' '
d 198,3 Jonn Wiley & Sons. Inc. 'CC )9$- - , n5,i'. "
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TABLE I
Mactromeciumical .. oiPoiarmsza P VF FiIms , Compared -ith . I)O

UnanfuOeadd neOient
Coe --icinta Kyn Kynar Kuzea L.NbOl

9s 9 11 12 XT
dsi (XI0- t2 M 

V-1) 43 18.1 212 "3850
132 xI0 "2 m V-1 4.2 U 3 & .-
ir (xl0"(2 M V-i) -9 -19 -25 ...
" sxIO - 12 M V-1) -5.6 ,0.2 -20.2 z0.4 -24.2 = 0.6 .

MM= tx 10-0 M" V-1) -3.6 -13.6 -34.1..

Q= ( xm- Cn -15 -30 ).016 A

!-QZ xI" t~p 0 2 M V- 1 -4.,4 -L5 -31 5.3

Rdierncei 10.
Reference I L
Meamud with the pres nt Lawtument.

had been poled in the manner described above. ll the samples were kindly
supplied by Dr. J. C. Hicks of the Naval Ocean Systems Center.

Two systems were used to measure the elec:ric- feid-induced strain in these
sample Mims. For the transverse piezoeiectric effect. a strain gauge tec nique
was appled. the sample being placed so chat the deformation produced a stress
on a strain gauge. The piezoelectric coefficients d7 and d12 obtained are Listed
in Table L The piezoelectric coefficient. d, = d 31 + d2 + d1) was determined
with the conventional method of applying a cime-varying hydrostatic pressure
to the film. The values of dh are roughly the same f'or the three specimens ia
- -I X 10- t2 = V-1). From the values of d31 , d12, and dh, we can evaluate the
piezoelecric coefficient d-1, values of which are also shown in Table L

For the longitudinal piezoelecric measurement we applied a newly developed
high-sensitivity ac dilatometer whose minimum resolvable dispiacement is iess

SIocx 3icqrcnm

Stanaar wurtz i Mates "V. .

' " -- Am~I eI~.. ,sell rctor

J ,ao€:st~~l s~llmat tu r
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2Serva 
t
erecor ____-__s____ ..~wi, sssr
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than O- 3 . rms. Figure I shows the block diagram oi this system. the details
of which have been reported in our previous papers. 5-6 To measure the piezo-
electric strain, an alternating electric field at 14 Hz is applied to the PVF2 sample
film through a suitable oscillator-amplifier combination, which sets the capacitor
plate vibrating at 14 Hz. The lock-in amplifier, which is phase locked to the
14-Hz driving frequency, senses any component in the bridge output (capacitance
modulation), which is at 14 Hz and in phase with the driving oscillator. To check
the output calibration factor, a standard quartz crystal is then driven at 14 Hz
without applying a voltage to the film.

To avoid separation changes of the sensing capacitor plates due to thermal
expansion, the dc imbalance signal of the capacitance bridge is fed back to the
PZT pushers through an amplifier. This servo-system is the key to the high
sensitivity and stability of the instrument.

In Figures 2(a) and 2(b) we show the observed longitudinal strain 1root-
mean-square value) for oriented and unoriented Kvnar and oriented Kureha
films under a sinusoidal electric field at 14 Hz. The piezoeiecrric coefficient d 33
is calculated from the slope of the linear relation between strain and electric field
near zero field. Deviation from the straight Line at higher electric fields is caused
by the hysteresis effect and the nonlinear (higher-order) coupling. Determi-
nation of the negative sign of da is made from the 180* phase difference between
the lock-in amplifier outputs of the PVF. films and the standard quartz
crystal.

To obtain the electrostrictive effect separately from the hysteresis effect. we
measured the dc bias field dependence of the piezoelectric coefficient d3. When
a dc electric field Edc is superposed with a sinusoidal electric field - -'!E sintc.
the induced strain X3 is represented as

X3 - d33(Edc + v2-Ea. sinwa) -, ./33EdC + '!Elc sinwrc) )

where MM. is the field-related electrostrictive coefficient. The root-mean-square
value of the strain at a frequency of w, x3(w, is given as

where

dotf(Ed,) - d33[1 + '2M3oid. 33)Edj 3

The lock-in amplifier output for a constant ac electric field, Ec - 1 6 V m
was plotted as a function of the dc electric field. Figures 31a) and 31b) show the
change of the effective piezoelectric coefficient d.ef with the dc bias field E, An
obvious hysteresis curve could be obtained in the relation between d"i andE .1
for all samples. The average change in d~f neglecting the hysteresis) with the
dc field is considered to give the electrostrictive effect approximatey. The pi-
ezoel'ectric coefficient d13 texperimentally observed) and the fieid-reiated eiec-
trostrictive coefficient MM3 for three specimens are iisted in Tabie I. For com-
parison. the electrostrictive coefficient M,:3 of the unpoled 69-,,m-thIcK oriented
Kynar film was determined by the same technique as M;:, -3.5 x ".0- -

V- 2 .
It should be noted here that the eiectrostatic force between a pair )f eiectrodes

sometimes gives an extra displacement. especially n eiasticaily soft ,naternais
with low permittivity. In the case of our measurements correction of the A'd
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value due to the Maxwell stress is estimated as less than 10% of the apparent
value.

DISCUSSION

Oshiki and Fukada determined precisely the piezoelectric stress coefficient
e 31 and the electrostrictive stress coefficient 131 (transverse effect) of PVF2 by
applying a sinusoidal electric field and detecting the induced stresses.7 They
reported a marked hysteresis curve of e3l with the cyclic change of the dc bias
field, which is very similar to that in Figure 3. showing the dependence of d 33 on
the dc bias field. The low-frequency piezoelectric stress coefficient e3 decreases
by about one order of magnitude from its room-temperature value of ca. 10--
C m 2  on cooling the sample down to 123 K. At 0.3 K the longitudinal piezo-
electric strain coefficient dn measured by Burkard and Pfister is of the order
of -i( -O to j-I.2 mV- t '. The difference of one to two orders of magnitude
between their data and our d3 values (which are close to the room-temperature
results of Kepler and Anderson 3 ) is explained by the large temperature depen-
dence of d3a. Their electrostriction data were not so reliable as ours. but are still
consistent with our measurement.

Using the piezoelectric resonance method. Ohigashi determined the piezo-
electric strain coefficients (d 3l and d32) and the piezoelectric stress coefficient
e3 at high frequency.4 At room temperature the d1 value (ca. -15 x 10- 12 m
V-1) estimated from the approximate relation d3 - e-,JC, is almost of the same
order as that from our low-frequency data. No electrostriction data could be
obtained by the resonance method.

We discuss now a phenomenological interpretation of the piezoelectricity in
poled PVF2 in terms of electrostriction which was first introduced by Oshiki and
Fukada.7 After poling, a preferred orientation of dipoles is produced in the film.
and results in the remanent polarization P. and the remanenc strain x,. The
coupling of the electrostriction (which may be determined by the film preparation
technique) with this remanent polarization produces piezoelectricity. In the
phenomenological expression, the strain x I in the poled film of PVF,. under a
small electric field E 3 is given by using the electrostrictive coefficient Q3;3 as

X3 - Q33(P,. + eae3E:3 )
2  14)

where ei is the permittivity of PVF, and eo 8.854 x 10- 2 F m- 1 . Then. by
analogy with eq. (1) we may describe

d1 -2Q 3atoe.3P,6

and

M1 a 3i- 7)

The polarization-related electrostrictive coefficient Q,:, was calculated ap-
proximately as follows:

By using P. % 0.5 x L0- 1 cm--. as roughly estimated by Hicks and Jones :n
describing che effect ,) ac annealing on :he ramanent .)mar:zar:on. we can evai-
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uate the piezoelectric strain coefficient from eq. 16). Good agreement between
the product 2Q33 eo 3P and the observed d33 for all three specimens shown in
Table I suggests the validity of the phenomenological treatment.

It is worth noting here, however, that the eiectrostrictive coefficient .M3, of
the unpoled oriented Kynar film is about half the value for the poled specimen.
This is consistently explained by the commonly accepted assumption that an
electrical poling process (as well as rolling and stretching) changes the micro-
structural conformation of PVF2 in addition to the orientation of dipoles (see,
e.g., ref. 9), and consequently varies the electrostrictive M-n coefficient. The
validity of the phenomenological treatment should probably be discussed within
the context f the same crystal structure.

Electromechanical data for a normal piezoelectric oxide LiNbO, are listed in
Table I, for comparison. In addition to the sign difference of d33 and Q33, it is
interesting that the Qm values in PVF2 are two to three orders of magnitude
larger than in Li.NbO3 , while the P, values are two to three orders of magnitude
smaller. In consequence, the piezoelectric coefficient d33 has almost the same
magnitude (though with the opposite sign).

The authors would like to express their sincere thanks to Dr. J. C. Hicks of Naval Ocean Systems
Cener in San Diego. CA for supplying ready-poled PVF2 samplee. They also wish to thank tne Office
of Naval Research for their support of our work through Contract No. N00014-8-C-0291.

References

1. H. Kawai. Jon. .J. Appi. Phys.. 3. 975 11969).
2. H. Burkard and G. Pfister. J.Appi. Phys.. 45. 3360 1974).
3. R. G. Kepler and R. A. Anderson. J. App. Phys.. 49. 4490 1973).
4. H. Ohigashi. J..4ppl. Phys.. 47. 949 1976).
5. K. Uchino and L. E. Cros. Proc. 33rd. Annual Symposium on Frequency Control. U.S. Army

Electronics Command. Fort Monmouth. NJ. 1979. p. 110.
6. K. Uchino and L E. Crow. Ferroeiectrcs. V7, 35 1980).
7. M. Oshiki and . Fukada. J. Mater Scz.. 10. 1i 1975).
3. J. C. Hicks and T. E. Jones. Proc Meeting of Amer. Phys. Soc.. No. .,. 979.
9. N. Takahaeshi and A. Odalima. Rep. P'oq. Poiym. Phys. Jon.. 22. 151 1979).

10. R. T. Smith and F. S. Welsh. .4 Appl. Phys.. 42, 2219 1971).
11. T. Yamada.J. Appi. Phys.. 4, 329 1972).

Received July 30, 1982
Accepted November 29, 1982



APPENDIX 3 5



FgWvW* ~u. 1963, 1/4. 31. pip. 47-51 0 1933 Gordon and Brown. sciencil piubAAars11,. Inc.
011113 1 s lo -41113 ll. 410 Prait" in thea Unit" Ut" of Aambnca

S'Jtfl DTEiREST tNt VRutVERTt bS OF
;3tSLUCATEON-FRIL ANU La-MOI)IFTED SrO. (). 5b

S.T. LiLA .i BIkal113
Hlutoyv.eI 1 Cjrpura~c, 14una, tliriaiLs RiusmarciI Eaboracarv

UloDAilring I. MN 554.-') I vPark. ? A LdO2

Sr fid'A t hN) -- Vi..'. )rv eva1I.ic.
1). i . )

th o.1a tikir oCi. C i i. 111,A- 3 ILIC,~n4 :~ M~i

Ine:.sajin I romeric ir.I~~ti .t Cnc to ,vrojAIcrI-

W ejv -a: a ;111 v1%W fr-c)t~ Iil-us, ir,: jiJU , Ji s e u

btc~~I.IrC- adv I inchms luadi T rt~ i,: sr Il .ibr

t 0 . ) at: lnc.v r * wt iitg h-.c v Linj cl ,I r r~i 'l; rJ ! I-

tivyvjv .-. iily n vVL nln l, Nt i c ~ w it..r *..4%-m ii
tgxh.ibi :Ir.. yroa IVr.C V L I 01 1 zoirt I : ~ ii

stuw vu rr - it 1c ! ur (-.ic pvcs I i an rui)tut: : sin

hisleub pactin'Iv atzpolvdit wlivifl loer3Ld , loi Co dp'!ivi .Jr C-i!1 W L.1L

ortulL -2j mi)low r, wel2 i!1tind plr,)% t cl tt L;5.& Pt 1P% t pu ~rzart.2( JC

tfia*± ro . r j I ul:1I#1J l~~ w LIi.N Lho-N bex in td I Iil %, dSc. - cult I tf - , i

22 i ll i.~ ~ I~ . Pr cli.2 li r v c: rI pr le t t~u p and 0 sl.~

Thc nissal zabiI ir dipae h hl plrztin.

viab e evt:?sm ti fom til-e kr-sc I- t j~~iv1v7r ?j



4a/[7081 S. T. L.11 AND A. S.- 3IALLA

pyroelectric volcage re ponse '&i t viiicn orc ".vrn-
e.ictric/CCD. Secv'nd, p/cEJ7 -nd is U:"od r'r rni tiln ~e
sigual-co-noisit ratio of pyroelet-criv deceicr wthru Ciite diolcc-
crit; nuise dominates in the no'rmal mo'de poine rh'hu; Fi ird.

P~F s usedl Cur .*Ltiring rnaccrLai [O Cr trais'vrse mo'de "'ine
dackmcurs where* tfamc respanme muid wicit: Immdwititi, itch imilcirtanc.
TaxbLe I. Iivies tl:.se thuroe propejrtie (it cI~ ite I,~x~j~ r'., 1
L~i-muodtiied SRN as~ cu',pstrei tu cut.' MIM wictt..I' M-4't 'vYrQ-~I-.Lf I

materials: namely TCS 6 and LITh03 7 (vajites ,.f c;ltt i a O.IW '14ed
Ever TGS, 0.C001 foir others) . rvut Tab I" I . ;L is cli .nr chtiu ,hoc
distlocation-free SRI1 Di a good chi~ct- t'or nc'rmat mov poniC
decector appLicacion and W~-mm.niff*.d SPNi,; m ;ri :i lenc *t;oice. (Cr
cite transverse mode ipo~nc dect.-vurs. F'w itn~b~ic of' r~t ti. viar-
izaciun of ches~e cryst.21s wil I enable ctwsRe dectetues Co ovr
over a witde temperature range close c. r.

Ta I'tbe L

j cK j C LI '~tni C.1
(10 20 1 0.IL I)-84

~Laeriais cmi K xL

I.S1-10 L1 .7 1600) .234 1. 1 A

TftS 4.() 3~ 2.1S2 i L.

L iTat5  1.9 /46 3.2 I2.9 2.S o,

SAW FROPERTTES

SAW device-s Itrve mecvime a it iit 9r r ri it 1 i ita i at t
alecrics, reenclv OtLgn 4 pr',osti: ir-is *st1 s tr;

av;Iy l ines aind C;'flV()i ers. MiL ct.,u mcf'.c imp-,rruntc '1tiimt . r, r

cite SAW .i-opl.iiig t*,i-c r (K , t Iiii.-, n tu t he' t' p.'i

Co'er icie t ri Chi Civ~lv ie ti,.(0) o : ,r tili I ic... r*Ie..'Q r c- i~
art,' ou ten nritiet~ in cite pie I iitcri. 1uuc*r Lais .ip ''n q L Cl
zvut temporactirv. cmilnsaio~n.

in a recent qC110v hy slitu rr, k. s cc I .1 1 t.l 0,M t'c' . ').

cia pure SUN-3() roimvsmes i niumlet7 ,i t, 1) r L,.iclc km. ',
re~mashhigh li~i AW cooto 1Lnic ,''vi i i- i mi':n-t

A fw V(0 (7 ~p/')-indi ;hgii~ ~ m;C. k: .1: .' : l ot'
on t mi 7.X-SI3N. Al Chtigh~i TCI ittud 'K t~l -. i-I~- L
ntl ivt- I mq.. a r t..ured . ic ;, ;1 jit~ LhI ,. L, in or ' , nwt.r v :h. - 1m
s I v c ro-i La s c LC ;qr i t f c! i i tI c: i~t- .1 , t c nO-t re? k, -"



ULSLL)CATION-iliL .;,D L.A-MOD LFLED SBN £7091/49

.or-.'scji s wil I I iave nuarl thi -init.: AW propvcties. These prup-
erC ic.; Ccchur WiCti le flon-idvn.I in pcopi.rty ofr these .:r:.scals
M-1kae chum tIile inosc promising :MIu.il Cor SAW devices.

[rT.IW(TRU-OPT Er: l1l')or,'RTTES

Mei linear uur-')i I.:(Cv iii Sr Ba 4b,() ;rvsrals has

bee~n scaadid byL-en etj al RH LoEwuriaig the Ba contae from
x- 0.75 coward 0.25 they Iiw chatC cic Iire cite dia1 .:ccric

similar betidviur in L~-tiffieLd 631 fly increaing th La-civnrent.

Intdi Z ud SiSN fIl'jiiU IS Iu ar ilk; itC "I 11.1i I-w,a- 1.'u cage 1)v prnpaga C-
ing Heu-lu 1.k.,r Lih iaC lng Ct!~Iii ot SISN ;rvscal )f lengh1

I whihd apply.ing4 all electric field pairall coI Cuhe c-axis. The
rtid4Itced Il EW-I'/u; %hOtC-1912 is 9JVer liV

v X/ I%(n 3r3)(1)

witere r, r J1- (it I/n I) r, j Md it'- a nd r' s .are indit-ets of
ruurructiuai aund vlcetru-tiptiCL iticiencs rubpeccively. the stib-
scrtpits L aund 3 refe~r cc)u-a.i-msd and c-mzxis uf cite crystals.

S.AmpIes Cr elttcro-opck i nstiroi1Inc wert! rectangular paral lul-
pLilUds, CvPi.L i" 2inm on Oiac i v wit CliClu races paural[I I Cu tile
priuv i pu axuv. Sample f or ru Lrai.: C ve itd*:x rnedsiirvmt~tiC were
pr ismns wi ch IV :li: an-Alt.,* ctic and 017-i L-1C,- ~IWith C -a.i PU raiI vi
to Owa .ipuX .: rhlL ~~ Ii andsl i i Idfl li ivasitrud Iv 1 in initrn
duV iatL i LL- till Lquu . AIs I LCvii . Wd ht 1 are p. rotol- I tric

und~~Thl 2ilcri aa

y n I1 n K 31 1- 1(1fl.() -20 v (V) r3 u)~~
CxII k

1) 2.27 2. 23 4(10 5. 5 196 L.45

0.002 2.27 2.23 425 5.7 375 L.52

rt.008 2.28 2.14 780 7.n 2SO 2.01

ct.u2 -1.29 2.24 i6fl 1:.7 183 3.03

6. 03 2.30 8.5 000 25 .01 8*3 t. ii
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From TabLe Z.. the --arilatioti oC rit K is qse tcc tt qimiar tji
'1 vs C anti sug;gests a directr l~acionsihir h7eceen che Cw "WO1.'v

.-it. 3 t4ic1 the ferroelectrics trenced as Ibiasetl paraOeactts'
ris related to KC by1 3

r- Z Kj- C 0 SP (2)

Where 1; is a genar.LLized qtiudr~liv tit . rt'-.ptLt- rifC. c it

Itan been shown tivic p3 J.4 rc't:re t:o K hv
3 .3

P3 K33 17 5 C

where C is tthe Curie tonstanc. [1recftore. r 3 .111 P, *r~f r-r~iriCed
by

A-4,3i consequence, the fL~ure of mrit 6fe PI.-ctcro-ovptic Jevict's
r 'IK3 is proportiunal to. p tIK Cc hias b'een shwwn Oiat

p 3"/K is reLatively contan~ut sto Chat r -,'K wiil he roititivei"!
Junscjac (or Chiese t raariali'. Thzerfor. !rvs~ohs of .itoite
SBM4 provide good mauterals Ear the sctudy Fi erruelectric- ret.itiott-
sit Lpsf. Because of the Stiation, thei"tV. t ir t [.:rInqtd icrLe

SSN have not aeen useful :is %!kkerri-ilicit- chviL~ei. VTI,,'v . sci

prrmisLnsg anti may Find aipi il it ;,xis I~r -. ? dl."; -4 j*lifi

the striaciun pr'bLem, weri. stlved.

W1.111CLUS t UtS

From cite pre~edizg diers.i.i *we '' Lude Chat ( i fiiO ith

disLocacion-frct- and the t.-itdte SIN a~cil re .-urv 4oodc
fur pyroelecerit! dueetor ippliccionq; (2) che dis'li;-ret
crystals are exroccad co' hc vtet'. Pv Kr iiW delic' wp~ ~eI iit utfl

and (1) bach disLou-ation-eroe in .- ''dii Sl3--5() -. are

very gotxi matertils for clte studv f t err,'ei t:criL, )prtv%

re lac Lonsh ips .

LA. Gt Glass , A . App I . P1 411 vs''

2. S.r. f1u. AmC 1i. rm~. t.~. .

September (97,"l oi as . 'it, i'I

~. ~ 3. Macioit'.tk. r.l.. St-h i t.*. id S . ! LLI. I-C'. j
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